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ABSTRACT
A k in e t ic  study  o f the d is s o lu t io n  of t i n  has been made by 
r o ta t in g  c y l in d r ic a l  specimens in  oxygenated h y d ro c h lo ric  a c id  so lu tio n s  
I t  h as  been shown th a t  over a wide range o f c o n d itio n s , the  
d is s o lu t io n  p roceeds in  two a u to c a ta ly t ic  s tag e s  w ith  th e  r a t e  during  
each s ta g e  b e in g  dependent on the square  ro o t o f th e  s ta n n ic  ion  concen­
t r a t io n  in  th e  co rro d in g  s o lu t io n .  The t r a n s i t io n  from one s tag e  to  the 
o th e r i s  determ ined by the fo rm ation  and subsequent decom position o f hy­
drogen p erox ide  and i s  no t a ss o c ia te d  w ith  any change in  the  su rface  
p ro p e r t ie s  o f th e  sam ples.
c o n ce n tra tio n s  have become n e g l ig ib le ,  may be re p re se n te d  by the  r a t e  
e q u a tio n :
fo r r o ta t io n a l  speeds above 1 1 ,0 0 0  rpm.
A c tiv a tio n  e n e rg ie s , oxygen, ac id  and ammonium c h lo rid e  de­
pendence d a ta  seem to  in d ic a te  th a t  c o n tro l o f the  heterogeneous c o rro ­
sion  p ro cess  by the homogeneous o x id a tio n  o f stannous sp ec ie s  a t  the  
m e ta l-s o lu tio n  in te r f a c e  i s  h ig h ly  im probable.
D iffu sio n  o f  s ta n n ic  sp ec ie s  from the  m e ta l- s o lu tio n  in te r fa c e  
appears to  be th e  most reasonab le  c o n tro l l in g  s te p .
The r a t e  o f  d is s o lu t io n  du rin g  the  second s ta g e , when peroxide
j y +++] 1 /a
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CHAPTER I  
INTRODUCTION
C orrosion  i s  s t i l l  a  v e ry  im portan t in d u s t r i a l  c o n s id e ra tio n  
but v e ry  l i t t l e  has been accom plished on the  c l a r i f i c a t i o n  o f the 
k in e t ic s  and mechanism by which m eta ls  a re  d e s tro y ed . The u su a l 
co rro s io n  d a ta  based , g e n e ra l ly , on s h o r t  term  s tu d ie s  e x tra p o la te d  to  
longer p e rio d s  of tinw r^  p rov ide  q u a l i t a t iv e ly  com parative in fo rm atio n .
Copper i s  the  only m e ta l th a t  has been su b jec te d  to  a funda-
o* li£ kcj
m ental in v e s t ig a t io n  , I t  has been shown t h a t ,  over a  wide range
of c o n d itio n , the  d is s o lu t io n  o f copper in  a i r  s a tu ra te d  so lu tio n s  i s  an 
a u to c a ta ly t ic  p ro c e ss .
I t  i s  o f co n s id e ra b le  i n t e r e s t  and p r a c t i c a l  im portance to  
determ ine w hether o th e r  m eta ls  capab le  of e x is t in g  in  two o r more o x i­
d a tio n  s t a t e s  w i l l  corrode by some s im ila r  a u to c a ta ly t ic  mechanism.
T in  was chosen fo r t h i s  s tudy  because i t  b e a rs  S trong resem ­
b lance to  copper w ith  re s p e c t to  complex form ation  in  c h lo r id e  s o lu t io n s . 
Both m eta ls  have two o x id a tio n  s t a t e s .  I t  was f e l t  t h a t  th e  d is s o lu t io n  
of t i n  by sim ple hydrogen d isp lacem ent in  a i r - f r e e  a c id  s o lu tio n s  would 
provide a sim ple y e t  in te r e s t in g  com plication  to  the  more im portan t c o r­
ro s io n  by d is so lv e d  oxygen. The o b je c t of t h i s  th e s is  i s  to  provide more 
understand ing  of the  mechanism by which t i n  and m e ta ls  in  g en era l corrode 
in  a e ra te d  a c id  s o lu t io n s .
1
CHAPTER I I  
LITERATURE REVIEW
I .  M etal C orrosion
C onsiderab le  e f f o r t  has been devoted to  th e  s tudy  o f- th e  c c r -  
ro s lo n  o f  copper, b u t l i t t l e  i s  known about t i n .  I t  w i l l  be h e lp fu l  to  
review  th e  r e s u l t s  o f  s tu d ie s  on copper b e fo re  c o n s id e rin g  the r e l a t iv e ly  
unknown t i n  b eh av io r .
A. Copper D isso lu tio n
U8 kQLu and Graydon ’ a re  perhaps the  e a r l i e s t  in v e s t ig a to r s  to  
undertake  a sy s te m a tic  s tudy  o f m eta l d is s o lu t io n  k in e t i c s .  Using 
ro ta t in g  m etal c y l in d e rs ,  they  s tu d ie d  the  ra te  o f  copper d is s o lu t io n  in  
aqueous ammonium hydroxide and aqueous s u l f u r ic  a c id  so lu tio n s  a s  a 
fu n c tio n  of tem p era tu re , oxygen c o n c e n tra tio n , r o ta t io n a l  speed, sample 
a rea  and co rro d in g  s o lu tio n  volume. Over a  wide range o f c o n d itio n s , 
they found th a t  the  r e a c tio n  r a t e  i s  a u to c a ta ly t ic  and i s  w ell re p re se n ­
ted  by a  h a lf -o r d e r  r a te  e q u a tio n . The au th o rs  ex p la in ed  the b eh av io r 
in  term s of a  mechanism based on the  fo llo w in g  assum ptions:
( 1 ) the  cu p ric  ion  c o n c e n tra tio n  in  th e  bulk  o f  the so lu tio n
i s  th e  same as th e  c u p ric  io n  c o n c e n tra tio n  a t  th e  copper s o lu tio n  i n t e r ­
fa c e ,
(2 ) th e  cuprous io n , cu p ric  io n  eq u ilib riu m
Cu + CU** 2Cu+
i s  assumed to  be e s ta b lis h e d  a t  the  in te r f a c e ,
( 3 ) th e  r a te  o f  d is s o lu t io n  o f  copper i s  c o n tro lle d  by the
removal o f cuprous ion  from th e  in te r f a c e  by a  p ro cess  which i s  f i r s t
2
5order w ith  r e s p e c t  to  cuprous ions
-~ k  M i - Kh +]i
25T h e ir work was extended by Gnyp to  h y d ro ch lo ric  ac id  so lu tio n s  
He m odified  the  q u a l i ta t iv e  method o f S c h a le s ^  to  d e te c t  q u a n t i t iv e ly  
hydrogen perox ide  fo rm ation  du rin g  the course o f d is s o lu t io n .  Gnyp,1s 
work on the homogeneous o x id a tio n  o f cuprous io n  supported  th e  assum ption 
o f the  p rev ious in v e s t ig a to r s  th a t  the  r a t e  o f o x id a tio n  -of cuprous copper 
a t  th e  m e ta l-s o lu tio n  in te r f a c e  could  be the c o n tro l l in g  s te p  in  th e  d is ­
so lu tio n  p ro c e ss .
oX
H i l l  developed a  procedure based on the techn ique o f Campbell
Ik
and Thomas to  s tudy  the  film s o f co rro s io n  p roducts  formed on copper 
su rfa ce s  co rro d in g  in  1M KC1 so lu tio n s  . B a s ic a l ly , h is  appara tu s con­
s i s te d  o f an e le c tro n ic  v o ltm e te r m easuring th e  p o te n t ia l  o f the c e l l  
formed by the  copper and i t s  c o rro s io n  f ilm  as one e le c tro d e  and a 
s i l v e r - s i l v e r  c h lo r id e  re fe re n c e  e le c tro d e . On the assum ption th a t  the 
film  was e s s e n t i a l l y  cuprous o x id e , he proposed the fo llo w in g  mechanism 
fo r  the  i n i t i a l  c o rro s io n  o f copper in  potassium  c h lo r id e  s o lu t io n s t
2Cu + Og + H+  >  2Cu+ + HOg
2Cu+ + HO” + 2Cu ----------► 2Cuo0 + H+d d
82Weeks and H i l l  extended th i s  s tudy  to  d i lu te  h y d ro c h lo ric  ac id  
s o lu tio n s  by u sin g  a ra d io a c tiv e  t r a c e r  te ch n iq u e . C obalt 60 was-usdd 
to  make a s o l id  so lu tio n  a l lo y  w ith  copper. Since c o b a lt  i s  co n sid erab ly  
e le c tro p o s i t iv e  w ith  re s p e c t  to  copper, a  homogeneous a llo y  o f  t h i s  type 
would be expected  to  corrode a t  approxim ately  the  same r a te  as pure copper
kThey proposed a double ad so rp tio n  mechanism as an e x p la n a tio n  fo r  t h e i r  
o b se rv a tio n s . The k in e tic* .s tep s  have been assumed to  be:
2Cu + Og t; 1 11 ">  CUgOg (adsorbed)
(adsorbed) CUgOg + H+ + C l” y " ~ Cu^Og + HC1 (adsorbed)
(adsorbed) CUgOg + H+ y rrr .rsS  2Cu+ + H02
To account fo r  the  f a c t  th a t  hydrogen perox ide could  no t be d e tec te d  in  
the co rro d in g  s o lu t io n , th e  au th o rs  fu r th e r  assumed the fo llow ing  s te p :
2Cu+ + HO” + 3H+ v = ^ -  2Cu++ + 2HgO
This i s  a m o d if ic a tio n  o f the  theory  o f th e  c a t a ly t i c  decom position o f
27hydrogen perox ide  as suggested  by Haber and Weiss 1 and Evans, Baxendale
j  » ,2 0and P ark  .
B. Tin D isso lu tio n
The chem istry  o f t i n  in  a c id ic  media has been s tu d ie d  by
19 5 ,6
H enry ' , D it to  and B e rz e liu s . In  the absence o f oxygen, they  found
'Uj,)
th a t  t i n  d is so lv e s  in  h y d ro ch lo ric  and s u l f u r ic  a c id  s o lu tio n s  in  the 
stannous form w ith  the  e v o lu tio n  o f hydrogen gas. D ilu te  s u l f u r ic  a c id , 
however, does no t a c t  on t i n  in  th e  c o ld , b u t in c re a s in g  th e  concen- 
t r a t i o n  to  HgSOj^HgO, i n i t i a t e s  a c t io n .  In  g e n e ra l , hydrogen gas i s  
g iven o f f  in  d i lu te  s u l f u r ic  a c id  s o lu t io n ,  bu t SOg, HgS and S a re  formed 
w ith  co n cen tra ted  a c id  s o lu t io n s .  When a s o lu tio n  o f  t i n  in  co n cen tra ted  
s u l f u r ic  a c id  i s  d i lu te d  w ith  w a te r , the  t i n  i s  p re c ip i ta te d  as s ta n n ic  
a c id .
C oncen tra ted  n i t r i c  a c id  does n o t  a c t  on t i n  m e ta l, bu t i f  w ater 
i s  added, the  t i n  w i l l  d is s o lv e . I f  the  s o lu tio n  i s  h e a te d , the  t i n  w i l l  
be o x id ized  to  hydra ted  s ta n n ic  o x id e . The above s tu d ie s  p rovided  g en era l
5knowledge about th e  m e ta l, h u t very  l i t t l e  was done w ith  re s p e c t to  
the d e te rm in a tio n  (If. corro>sion r a t e s .
Hole and F o s t e r ^  a re  perhaps the e a r l i e s t  p io n eers  in  the  
study o f  the  c o rro s io n  o f t i n .  T heir experim en tal method was r a th e r  
sim ple . M etal sheet?  were immersed fo r  7 o r  28 days in  h a l f  a l i t r e  of 
co rrod ing  a c id  s o lu t io n  which was renewed d a i ly .  The r a te  o f d is s o lu t io n  
was reco rd ed  as  t o t a l  w eight lo s s  o f m etal p e r  u n i t  o f exposed su rface  
a rea  p e r day. In  h y d ro c h lo ric  ac id  so lu tio n ^  the  m eta l d is so lv e d  a t  a 
r a te  o f 0 .1 1  gm /sq.cm .per day, in  s u l f u r ic  a c id ,  0 .045 gm /sq.cm .per day 
and in  n i t r i c  a c id , 0 .007gm /sq.cm .per day.
80A more advanced s tudy  was c a r r ie d  o u t by Whitman and R ussel 
who s tu d ie d  the  e f f e c t  o f  oxygen on t i n  d is s o lu t io n  in  v a r io u s  a c id ic  
m edia. The oxygen c o n c e n tra tio n  was c o n tro lle d  by m ixing hydrogen w ith  
a i r  o r pure oxygen. T heir r e s u l t s  showed th a t  the p resence of d isso lv e d  
oxygen in c re a se d  th e  c o rro s io n  r a te  o f  the m e ta l . Since t i n  evolves 
hydrogen gas in  a c id s ,  the oxygen e f f e c t  i s  more im portan t in  weaker 
acid s where hydrogen e v o lu tio n  in c re a s e  a t  a  much more ra p id  r a te  than  does 
co rro s io n  by oxygen. Tjhe c o rro s io n  r a t e  in  h y d ro c h lo ric  a c id  was con­
s id e ra b ly  h ig h e r th an  in  s u l f u r i c ,  n i t r i c ,  and a c e t ic  a c id s .
K hitrov  and S h a ta lo v a -^ * ^  s tu d ie d  the e f f e c t  o f tem perature 
on the  c o r ro s io n .re s is ta n c e  o f m eta ls  i n e c i d ic  m edia. T in , s t e e l ,  
aluminum and lead  were corroded in  n o n -o x id iz in g  a c id s  a t  d i f f e r e n t  
tem p era tu res . The r a te  of t i n  c o rro s io n  in  1-7 M s o lu tio n s  o f HC1 and 
HgSO  ^ was observed to  in c re a se  w ith  in c re a s in g  tem p era tu re . In  the  0-80°C. 
range, the  r a t e  obeyed th e  V a n 't Hoff and A rrhen ius Laws. The r a t e  <6f. d i f ­
fu s io n  a ls o  in c re a se d  w ith  in c re a se  in  tem peratu re  bu t n o t as r a p id ly  as
6d id  the  c o rro s io n  r a t e .  As a  r e s u l t ,  d if f u s io n  c o n tro l a t  h igh  tem pera­
tu re s  m ust be ex p ec ted . In  g e n e ra l , a  co rro s io n  p rocess  o ccu rrin g  a t  low 
tem peratu res i s  a c c e le ra te d  a t  h ig h e r tem p e ra tu res . This a c c e le ra t io n  i s  
a s so c ia te d  w ith  a  f a l l  in  hydrogen o v e rv o lta g e , decrease  in  p o la r iz a t io n ,  
decrease  in v is c o s i ty  o f  the s o lu t io n  and d e s tru c t io n  o f p ro te c t iv e  f i lm s .
The e x te n s iv e ,use o f t i n  as a p ro te c t iv e  co a tin g  fo r  iro n  and
copper has prompted in v e s t ig a to r s  to  focus t h e i r  a t te n t io n  on th e  c o rro -
55sion  o f t i n - p l a t e .  I re la n d ^  s tu d ie d  the  c o rro s io n  o f t in - p la te d  iro n  
under norm al c o n d itio n s  ?.nd in  sea led  can s . He observed th a t  iro n  was 
a tta ck e d  when th e  t in - i r o n  couple was exposed to  a  c o rro s iv e  agen t under 
normal c o n d it io n s , b u t was n o t a f fe c te d  in  a  sea le d  can . The au th o r e x ­
p la in ed  th a t  th e  mechanism of t i n  co rro s io n  w ith in  a  can i s  q u ite  d i f f e r e n t  
from th a t  of th e  p ro cess  of c o rro s io n  o f  t i n  p la te  in  a i r .  Tin i s  c o n s i­
derab ly  below i r o n  in  th e  e lec tro m o tiv e  s e r i e s .  When th e  t in - i r o n  couple 
i s  exposed to  a  c o rro s iv e  agent under norm al c o n d itio n s , the t i n  i s  unaf-- 
fe c ted  w h ile  th e  iro n  i s  a tta c k e d . In s id e  a  food can, c o n d itio n s  a re  d i f ­
fe re n t  when the  supply o f oxygen i s  l im ite d . I t  was observed th a t  in  the  
f i r s t  s u p e r f i c i a l  a t ta c k  on the  t i n  p la t e ,  t i n  became anodic  and ac ted  as 
an a n t ic o r ro s io n  a g en t. I t  n o t only p ro te c te d  the  s t e e l  by covering  i t  bu t 
a lso  e x e r te d  a  p o te n t ia l  which p rev en ted  d i r e c t  a t ta c k  on the  exposed s t e e l .
The c o rro s io n  o f t i n  p la te  and i t s  in h ib i t io n  by chrom ate- 
c o n ta in in g  so lu tio n s  was s tu d ie d  by Kerr. ^ > ^ 5  ge found th a t  when t i n ­
p la te  i s  immersed in  an a lk a l in e  phosphate-chrom ate s o lu t io n , i t  a cq u ires  
an in v is ib le  f i lm  which p ro te c ts  i t  a g a in s t  b lacken ing  by S -co n ta in in g  food 
and a ls o  g re a t ly  r e ta r d s  r u s t in g  in  m o ist a i r .  The e f f e c t  of v a r ia t io n  
in  c o a tin g  th ick n ess  on the r e s is ta n c e  to  co rro s io n  of e l e c t r o - t i n p l a t e  
was a ls o  in v e s t ig a te d . T ests  made by co rro d in g  t i n - p l a t e  in  hum idity
7chambers and by s a l t  sp ray  re v e a le d  th a t  the r e s is ta n c e  to  co rro s io n  
decreases as th e  th ick n ess  of th e  t i n  d e p o s it d im in ish es .
81*A more fundam ental e x p lan a tio n  was advanced by Wade in  h is  
re c e n t study on the c o rro s io n  o f t in - p la t e  in  c i t r i c  a c id . The au tho r 
assumed th a t  the  co rro s io n  p ro cess  could be d iv id ed  in to  3 p e r io d s :
In the  f i r s t  p e r io d , the  s te e l  base  i s  com pletely  covered w ith  a f ilm  of 
SftO-ShOg. Because of i t s  h igh  hydrogen o v e rv o ltag e , t i n  p ro te c ts  the 
s te e l  in  the can . In  the  second p e rio d , a f t e r  the t i n  has co rroded , the 
s te e l  base  i s  p a r t ly  exposed and a llo y  la y e rs  beg in  to  be a f f e c te d .  
Because the e le c tro d e  p o te n t ia l  o f Fe becomes n o b le r than  th a t  o f  Sn, 
co n tra ry  to  the  u su a l io n iz a t io n  tendency, the c o rro s io n  6 f  the  s t e e l  
base does no t a c c e le r a te .  In  the  th ir d  p e rio d , a f t e r  the  t i n  i s  comple­
te ly  d is so lv e d , the  a l lo y  la y e r  and s te e l  base a re  com pletely exposed.
The e le c tro d e  p o te n t ia l  o f the  a llo y  la y e r  in  c i t r i c  ac id  s o lu tio n  was 
n ob ler than  th a t  of s t e e l  o r t i n ,  thus a llow ing  the s te e l  to  d is so lv e .
The au th o r concluded th a t  the th ic k n e ss  o f the  t i n  co a tin g  and c racks or 
exposed p o rtio n s  of s t e e l  a re  im portan t fa c to rs  a f f e c t in g  co rro s io n  
r e s is ta n c e  of t i n - p l a t e .
Local c o rro s io n  o f t i n  in  d i lu te  c h lo rid e  so lu tio n s  was s tu d ie d  
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by B rito n  and M ichael by means o f e le c tro d e  p o te n t ia l  m easurem ents. The 
r e s u l t s  o f t h e i r  work rev ea led  th a t  lo c a l  co rro s io n  cannot be preven ted  
in d e f in i te ly  by s p e c ia l  p h y s ica l o r  chem ical p re p a ra tio n  o f the  m eta l s u r ­
face , nor' by the a d d itio n  o f a llo y in g  m eta l to  the  t i n .  However, they 
showed th a t  the time e la p s in g  b e fo re  lo c a l  co rro s io n  begins i s  a f fe c te d  
by su rfa ce  c o n d itio n s . Local c o rro s io n  i s  i n i t i a t e d  and a c c e le ra te d  by 
c re v ice s  r e s u l t in g  from su rface  d e fe c ts  o r by c o n tac t o f the  m etal w ith
8another s o lid  s u rfa c e .
p
The in h ib i t io n  o f t i n  co rro s io n  was s tu d ie d  by Ammar and Riad 
in  8 d i f f e r e n t  a c id , a lk a l in e  and n e u tra l  s o lu t io n s .  The au th o rs  
re p o rte d  th a t  sodium pyrophosphate d ecreases  the  c o rro s io n  r a t e  in  
a c id ic  m edia. Because o f the  am photeric c h a ra c te r  o f t i n ,  the  r a t e  o f 
c o rro s io n  o f th e  m etal in  ac id  and a lk a l in e  s o lu tio n s  i s  g re a te r  than  th a t  
i n  n e u tra l  ones. Since the  a d d itio n  o f sodium pyrophosphate to  ac id  
s o lu tio n s  w i l l  in c re a se  the  pH to  the n e u tr a l  ran g e , i t  i s  expected  th a t  
t i n  w ill '-  n o t go in to  s o lu t io n  as r e a d ily  in  th i s  pH range as i t  does in  
the  a c id .
C onsiderab le  e f f o r t  has been devoted to  the  s tudy  of the 
e lec tro ch em ica l co rro s io n  o f m e ta ls . Shah and D avies?11- in v e s t ig a te d  the 
anodic c o rro s io n  o f t i n  in  a lk a l in e  s o lu t io n s .  They found th a t  when an 
o x id e -fre e  t i n  su rface  i s  an o d ica lly  p o la r iz e d  in  d eae ra ted  a lk a l in e  so lu ­
t io n s ,  only  h a l f  the c u rre n t i s  used fo r  t i n  d is s o lu t io n ,  the  rem aining 
h a l f  b e in g  used fo r  oxide fo rm ation .
Hagymas and Q u i n t i n ^ '^  s tu d ie d  th e  e lec tro c h e m ic a l c o rro s io n  
o f  t i n  in  s u l f u r ic  a c id . In  0 .1  to  1 .0  M s o lu tio n s  th e  hydrogen over­
v o lta g e  on the  Sn e le c tro d e  d id  no t vary  w ith  ac id  c o n c e n tra tio n . The 
re a c tio n s
Sn — ........... >  Sn++ + 2e~
and 2H+ + 2e ■ ■ ■ Hg
c o n tro l the  k in e t ic s  o f c o rro s io n  of th e  Sn e le c tro d e  in  the ac id  m edia.
The author®^ made p re lim in a ry  in v e s t ig a t io n s  on the  d is s o lu t io n  
o f  t i n  in  h y d ro ch lo ric  a c id  s o lu t io n s .  Over a  wide range of c o n d itio n s , 
the  re a c t io n  appeared to  be z e ro -o rd e r w ith  r e s p e c t  to  s ta n n ic  ion  in  the
s o lu tio n  fo r approxim ately  ^0 m inutes w ith  t r a n s i t io n  to  an a u to c a ta ly t ic  
h a lf -o r d e r  r a t e  a t  h ig h e r  s ta n n ic  ion  c o n c e n tra tio n s . The a u to c a ta ly t ic  
h a lf -o rd e r  r a t e  was a ls o  d i r e c t ly  p ro p o r tio n a l to  the square ro o t  o f A /v  
(where A i s  th e  a rea  o f  sample s u rfa c e , and V i s  the  volume o f co rrod ing  
s o lu t io n ) ,  and to  the square ro o t  o f oxygen c o n c e n tra tio n . He in te rp re te d  
the r e s u l t s  in  term s o f ' f ilm  form ation  on .the sample s u r fa c e , b u t no 
e x p lan a tio n  was given fo r  the  complex r a te  dependence on r o ta t io n a l  speed .
I I .  Homogeneous O xidation
Because the homogeneous o x id a tio n  o f cuprous ionswas found to
25be a p o s s ib le  c o n tro l l in g  s te p  in  the  d is s o lu t io n  of copper , i t  was 
im portan t to  determ ine w hether the  homogeneous o x id a tio n  of stannous io n s  
i s  im portan t to  the  heterogeneous c o rro s io n  p ro cess  o f t i n .
E xtensive s tu d ie s  on the  o x id a tio n  o f stannous c h lo rid e  have 
been c a r r ie d  o u t by v a r io u s  w orkers, y e t  d isagreem ents a re  found in  the  
r e s u l t s  o f t h e i r  work. I t  i s  n ecessa ry  to  rev iew  some o f t h e i r  tech n iques 
and exp erim en ta l co n d itio n s  fo r  complete u n d erstand ing  o f  these  d is c r e ­
p a n c ie s . E s s e n t ia l ly ,  they a l l  used the  same apparatus to  fo llow  the  course 
o f r e a c t io n .  A gas b u r e t te  was connected to  the  r e a c t io n  v e s s e l and the  
change in  gas volume was in te rp re te d  in  term s o f stannous c h lo rid e  o x id ized  
a t  any tim e.
A. Stannous O xidation  '
On
Young ' was th e  f i r s t  to  s tudy  the  o x id a tio n  o f  stannous 
c h lo r id e . He re p o r te d  th a t  th e  r a te  o f a u to x id a tio n  was dependent on 
the a c id i ty  o f th e  s o lu t io n  and th a t  the  p resence  o f fo re ig n  m a te r ia l
10
could a c c e le ra te  o r in h ib i t  the  r e a c t io n .  On the  b a s is  o f  e l e c t r i c a l  
conductance m easurem ents, he in fe r r e d  th a t  stannous c h lo rid e  e x is te d  as 
h y d ro trich lo ro stan n o u s  a c id  (HSnClj) and h y d ro te trach lo ro s tan n o u s  ac id  
(HgSnCl^) in  h y d ro c h lo ric  a c id  s o lu t io n .
L arsen  and W a lto n ^  s tu d ie d  the r o le  o f a c t iv a te d  carbon in  
o x id a tio n -re d u c tio n  re a c t io n s .  They concluded th a t  a c t iv a te d  carbon
c a ta ly sed  the  a u to x id a tio n  o f stannous c h lo r id e  s o lu t io n s .
59 '60 6 lMiyamoto * ’ showed th a t  the  r a te  o f o x id a tio n  was depen­
dent on the  method of a e ra t io n  o f the  stannous s o lu t io n s .  He suggested  
h is  r e s u l t s  were a p p lic a b le  to  a  mixed re a c t io n  occurring  p a r t ly  in
s o lu tio n  and p a r t ly  in  th e  liq u id -g a s  in te r f a c e .
21On the  o th e r  hand, F ilso n  and W alton re p o rte d  th a t  the  
au to x id a tio n  o f stannous c h lo rid e  occurs in  s o lu t io n .  As ev idence , they  
showed a h igh  tem peratu re  c o e f f ic ie n t  and a  n e g lig ib le  in c re a se  in  r a te  
w ith  in c re a se  in  the l iq u id -g a s  in te r f a c e .  They a ls o  found th a t ,  w ith in  
c e r ta in  l im i t s ,  th e  r a te  o f o x id a tio n  of stannous c h lo rid e  in c re ase d  
d i r e c t ly  w ith  in c re a s in g  ac id  c o n c e n tra tio n . The au th o rs  considered  th is  
to  be unusual as the g en era l tendency i s  fo r  compounds to  become more
51
s ta b le  toward oxygen w ith  in c re a s in g  ac id  c o n c e n tra tio n . They exp la ined
th a t  the  in c re a se  in  r e a c t i v i t y  was due to  c a ta ly s i s  by hydrogen io n s .
They a lso  in v e s t ig a te d  the  c a ta ly t i c  e f f e c t  o f  a number of s a l t s  f in d in g
cuprous c h lo rid e  to  be a  very  pow erful c a ta ly s t .
28 29 50H aring and W alton * * in v e s t ig a te d  a number o f f a c to r s  th a t
a f f e c t  th i s  a u to x id a tio n . They re p o rte d  the  r a te  to  be zero  o rd e r w ith  
re sp e c t to  stannous c h lo r id e . In c re a s in g  tem pera tu res in c reased  th e  r a te  
of o x id a tio n . They im plied  th a t  the tru e  tem peratu re  c o e f f ic ie n t  was 
masked by changes in  th e  s o lu b i l i ty  o f  oxygen and changes in  the  complex
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e q u i l ib r ia  e x i s i t in g  in  s o lu t io n .  To account fo r  th e  g re a t in flu en c e  o f 
some added m a te r ia ls  on o x id a tio n  r a t e ,  and a ls o  fo r  the r e a c t io n  being  
exo therm ic, they  suggested  th a t  the r e a c t io n  i s  of the  chain  ty p e .
By means q f tita n iu m  s u l f a t e ,  they  d e te c te d  a peroxide in  f r e s h ,  p a r t i a l l y
o x id ized , samples of stannous c h lo rid e , b u t th i s  peroxide d isappeared  by
5 6re a c tio n  w ith  rem aining stannous ch lo rid e . They a lso  found th a t
v is ib le  l ig h t  had no e f f e c t  on the r e a c t io n ,  b u t u l t r a - v i o l e t  was absorbed
and a c c e le ra te d  the p ro c e ss . These o b se rv a tio n s  a re  p re sen ted  as fu r th e r
evidence to  support t h e i r  assum ption th a t  the  re a c tio n  i s  a chain  p ro c e ss .
In  non-aqueous s o lu t io n s ,  they  found a  d i r e c t  l in e a r  r e la t io n s h ip  between
the r a te  o f  o x id a tio n  and h y d ro ch lo ric  ac id  c o n c e n tra tio n .
No fundam ental ex p lan a tio n s  were advanced u n t i l  Lochman and 
52Tompkins p u b lish ed  th e i r  work. They considered  th e  p o s s ib le  e q u i l ib r ia  
between stannous and c h lo r id e  ions to  be:
(a )  Sn++ + H20 Sn<0H>+ + H+
(b) Sn++ + C l" % ■■■'■ SnCl+
(c ) SnCl+ + C l“ ■*. SnCl2
(d ) SnCl„ + C l" ----------* SnCl”d  —  J
(e )  SnCl" + C l" SnCl^
( f )  SnCl" + H+ ■< HSnCl,
5 5
(g ) ShCljJ + H+ HSbClJ
(h ) HSnClJ + H+ 'v ‘ HgSnCl^
They were unable to  id e n t i f y  any p a r t i c u la r  sp ec ie s  as the  m a te r ia l  
undergoing o x id a tio n . T h e ir experim en ta l d a ta  conformed to  the  r a te
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e q u a tio n :
r  .  k l- [ SnC12  ]
1 + k2[  SnClgJ
2 i  g f l  5 7  0 * 7
This would ex p la in  why p rev ious w orkers * * * d id  n o t agree on
th e i r  o rd e r o f  re a c t io n  w ith  re sp e c t to  stannous c h lo r id e . At low stannous 
ion  c o n c e n tra tio n s , the  eq u a tio n  reduces to
r  -  kx [snC l2J
to  show f i r s t  o rd er dependence on stannous c h lo r id e . At h igh  stannous 
ion c o n c e n tra tio n s , i t  i s  o f  th e  form o f
r  “ k i / k2
and i s  zero  o rd e r w ith  re s p e c t to  stannous c h lo r id e . They a ls o  found
th a t  th e  r a te  o f a u to x id a tio n  was p ro p o r tio n a l to  the  square ro o t o f  the
co n ce n tra tio n  o f HSnCl, complex a lthough  the o x id a tio n  o f o th e r  sp ec ie s
5
could n o t be n e c e s s a r i ly  ex c lu d ed .
62Naumann , s tudy ing  th e  o x id a tio n  o f the s a l t  in  n i t r i c  ac id
s o lu t io n s ,  found t h a t ; i n  the  presence o f h y d ro ch lo ric  ac id  s o lu t io n ,
n i t r i c  a c id  was reduced to  ammonia. In  the absence o f h y d ro ch lo ric  a c id ,
the re d u c tio n  was to  n i t r i c  o x id e .
ISAccording to  Dhar , o x id a tio n  of stannous io n  i s  re ta rd e d  by 
e a s i ly  o x id iz a b le  su b stan ces  such as sugar and g ly c e ro l.
B. O xidation  o f  O ther S o lu tio n s
As p a r t  o f  the g e n e ra l co rro s io n  programme i t  i s  im p o rtan t to
d iscu ss  the  o x id a tio n  o f o th e r m e ta l l ic  ions in  aqueous s o lu t io n s .
71R ussell*  was the  f i r s t  to  s tu d y -th e  s t a b i l i t y  o f t i ta n o u s  so lu ­
t io n s .  He re p o rte d  th a t  r e s is ta n c e  to  o x id a tio n  in  4m s u l f u r ic  a c id  was
co nside rab ly  h ig h e r  than in  the  corresponding ch lo r id e  s o lu t io n s .
57Mackenzie and Tompkins s tu d ied  the a u to x id a t io n  of t i ta n o u s  ch lo rid e  
i n  aqueous s o lu t io n s  by an ab so rp tio n  method. They found the r a t e  to  be 
a  l in e a r  fu n c t io n  of the  oxygen p a r t i a l  p re ssu re  and in v e r s e ly  p ropor­
t io n a l  to  the c o n ce n tra t io n  of the f ree  HC1 in  s o lu t io n .  They suggested 
th a t  the ra te  was largely controlled by hydrolysis and complex formation.
A p o te n t io m e tr ic  technique which can be used to  fo llow  a ra p id
25r e a c t io n  con tinuously  was devised by Gnyp in  h i s  study of the  r a t e  of
o x id a tio n  of cuprous io n .  A platinum  e le c t ro d e  was immersed in  a cuprous-
cup ric  s o lu t io n ,  and changes in  p o t e n t i a l  a t  the  e lec tro d e  gave the amount
o f  cuprous ion o x id ized . Over the tem perature  range 0-55°C ., he found
th a t  th e  o x id a t io n  r a t e  was p ro p o r t io n a l  to  the cuprous co n ce n tra t io n ,
oxygen p a r t i a l  p re ssu re  and the square ro o t  of hydrogen io n ,  bu t in v e rse ly
p ro p o r t io n a l  to  the  square ro o t  of c h lo r id e  ion co n ce n tra t io n .
B a sk e rv i l le  and Stevenson^ were the e a r l i e s t  in v e s t ig a to r s  to
consider the o x id a tio n  o f  fe rro u s  i ro n .  They found th a t  the ox ida tion
65 6k
r a t e  was very slow in  a c id  and n e u t r a l  s o lu t io n s .  Pound found th a t
a t  room tem perature  fe r ro u s  ions  ox id ize  in  a lc o h o l ic  media much more 
r a p id ly  than in  aqueous s o lu t io n s .
51According to Lamb and E lder , the small change in  fe r ro u s
s u l f a t e  co n cen tra t io n  in  s u l f u r i c  ac id  due to  ox id a tio n  would s a t i s f y  a
f i r s t - o r d e r  or second-order fe r ro u s  ion  dependence. The a d d i t io n  of
copper s u l f a t e  c a ta ly zed  the r e a c t io n .
65Posner in v e s t ig a te d  the k in e t i c s  of the o x id a tio n  of fe rro u s  
ions in  concen tra ted  h y d ro ch lo r ic  ac id  so lu t io n s  (k-8N). He found the 
r e a c t io n  to  be f i r s t  o rder w ith  re sp e c t  to  fe r ro u s  ion and oxygen con-
Ik
c e n tr a t io n s , b u t a more complex fu n c tio n  of h y d ro ch lo ric  a c id . On the
27b a s is  o f  a Haber-W eiss 1 fo rm u la tio n , he proposed th a t  the  o x id a tio n  
occurs v ia  a complex formed between a s so c ia te d  HC1 and fe rro u s  io n s .
George J extended th e  s tu d ie s  to  v a r io u s  aqueous so lu tio n s  
using a  c o lo r im e tr ic  method to  fo llow  the co n ce n tra tio n  changes. He 
confirm ed a f i r s t  o rd e r  dependence on fe rro u s  ion  in  b ic a rb o n a te , bu t 
no t in  s u l f a te  o r n i t r a t e  s o lu t io n s .
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In  phosphoric  ac id  s o lu t io n s , Cher and Davidson J found th a t  
the o x id a tio n  o f fe rro u s  ion  was f i r s t  o rd er in  fe rro u s  io n . C upric 
ions had a marked c a t a ly t i c  e f f e c t  a t  c o n ce n tra tio n s  lower than  10~^M.
I I I .  Hydrogen Peroxide Form ation
The fo rm ation  of hydrogen peroxide d u rin g  the  d is s o lu t io n  of
12m etals in  a c id ic  m edia has been observed by many in v e s t ig a to r s .  C h u rc h ill 
made use  o f a  pho tograph ic  technique to  d e te c t  hydrogen peroxide produced 
by c o rro s io n  r e a c t io n s .  His method c o n s is te d  o f  su p p orting  a sm all 
re c ta n g u la r  m e ta l s h e e t  over the  em ulsion o f a pho tograph ic  p la t e .  The 
p la te  was known to  be h ig h ly  s e n s i t iv e  to  the a c tio n  o f hydrogen pero x id e . 
A ction on the p la te  by co rro d in g  m eta l was compared to  th a t  by substances
known to  produce hydrogen p e ro x id e ,
550 kO k l  k7Kramer*"' * and Louw and Naude used m odified  G eiger-M uller
co un ters  to  p ic k  up e le c t ro n  em ission  from f r e s h ly  abraded su rfa ce s  by
c u ttin g  m eta l under w a ter co n ta in in g  d is so lv e d  oxygen. Hydrogen peroxide
was d e te c te d  in  the case  o f z in c , aluminium, magnesium and n ic k e l ,  bu t
k 17not copper. B ailey  and Dawden and Reynolds suggested  th a t  copper
decomposes th e  hydrogen perox ide by a su rface  r e a c t io n .  However, Weeks 
82and H il l .  b e lie v e d  th i s  to  be a  c a ta ly t i c  decom position p ro c e ss .
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By means o f a  ra d io a c tiv e  t r a c e r  te ch n iq u e , Abramova, Gankina 
and Doklady^ confirm ed the form ation  o f hydrogen perox ide  du ring  the d i s ­
s o lu tio n  of m e ta ls . They corroded t i n  in  an a c id  s o lu tio n  co n ta in in g
o rd in a ry  hydrogen perox ide so lu tio n  under an atm osphere o f s y n th e tic
19a i r  co n ta in in g , the 0 iso to p e  in s te a d  o f o rd in a ry  oxygen. At the  end 
of the  experim ent, some hydrogen peroxide in  th e  s o lu tio n  was found to  
be r a d io a c t iv e .  This suggested  th a t  in te rm ed ia te  perox ide was formed 
d u ring  the  course o f c o rro s io n .
IV. A nalysis  o f  Tin
53 5^ 55The polarography  of t i n  has been w e ll s tu d ie d  by Lingane; * ’ 
The re d u c tio n  o f stannous t i n  to  the  m etal produces e x c e l le n t ly  de fin ed  
waves from 1M HC1, w ith  a half-w ave p o te n t ia l  o f -0 .4 7 v  vs S .C .E . when
0.01 per cen t g e la t in  i s  p re s e n t as a  maximum su p p re sso r. C h lo ro stan n a te  
complex ion a ls o  produces a  w e ll developed do u b le t wave. The f i r s t  wave 
r e s u l t s  from th e  re d u c tio n  o f the  ch lo ro s tan n a te  ion  to  c h lo ro s ta n n ite  
io n , and the second corresponds to  complete re d u c tio n  to  the  m e ta l, The 
au th o r found th a t  the m ost s u i ta b le  su p p o rtin g  e le c t r o ly te  was Um ammonium 
c h lo rid e  and 1M HC1 s o lu t io n  c o n ta in in g  0 .01 p e r cen t g e la t in .  This 
p rov ides the h ig h  c h lo rid e  ion  c o n ce n tra tio n  e s s e n t i a l  to  f u l l  development 
of the  ch lo ro s tan n a te  wave, and a  sm all enough hydrogen ion co n ce n tra tio n  
so th a t  the d if fu s io n  c u r re n t  p la te a u  i s  w e ll developed b e fo re  the  f i n a l  
c u r re n t r i s e  due to  re d u c tio n  o f hydrogen ion  b e g in s . The half-w ave 
p o te n t ia l  o f th e  f i r s t  wave i s  - 0 .25v and th a t  o f th e  second i s  - 0 .52v 
vs S .C .E . In  t h i s  su p p o rtin g  e le c t r o ly te ,  th e  f i r s t  d if fu s io n  c u rre n t i s  
no t f u l ly  developed b e fo re  the  second stag e  of re d u c tio n  b e g in s . Measure­
ment o f the second wave fo r  ro u tin e  a n a ly s is  i s  recommended by L ingane.
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66  ^7P h i l l ip s  and Morgan * 1 have o u tlin e d  p rocedures fo r the
p o la ro g rap h ic  d e te rm in a tio n  o f  t i n  in  an a l lo y ,  u sing  the su p p o rtin g
53 5^ 55e le c t r o ly te  suggested  by L ingane'. * *
75S n e ll and S n e ll have made a  complete s tudy  o f c o lo r im e tr ic
76d e term in a tio n s  o f  m e ta ls . S ta f fo rd ' used ammonium m olybdate, in  the 
p resence o f phosphate , as re a g en t to  g ive moylbdenum b lue  w ith  SnClg. 
U n fo rtu n a te ly , a t  h igh a c id i ty ,  the  b lue  co lo u r i s  n o t formed and a t 
low a c id i ty  in c o n s is te n t  r e s u l t s  a re  o b ta in e d . O x id a tio n -red u c tio n
agents m ust be com pletely  e lim in a te d .
C l a r k ^ * ^  and S t o n e u s e d  1-m ethy l-3 ,^-dim ercaptobenzene 
as a  re a g en t to  measure the q u a n tity  o f t i n  p re se n t in  the  range o f 
1 .5 -6  ppm. This re a g en t r e a c ts  to  g iv e  a re d  p r e c ip i t a t e ,  more qu ick ly
4H* +HK++w ith  Sn than w ith  Sn . The a c id i ty  o f the  sample and s tan d a rd  
s o lu tio n  must be matched b e fo re  th is  re a g en t can be u sed .
CHAPTER IV 
KINETIC STUDIES
I .  T in D isso lu tio n
A. In tro d u c tio n
89Some p re lim in a ry  work has been c a r r ie d  out by the au tho r ^
on the  c o rro s io n  o f t i n  in  h y d ro c h lo ric  ac id  s o lu t io n s .  He suggested
X * ^th a t  f i lm  form ation  was re sp o n s ib le  fo r  the r a t e  dependence on (A /v ) 1 " ,  
b u t no fu r th e r  in v e s t ig a t io n  was made on the  n a tu re  o f  the f i lm  and i t s  
e f f e c t  on the  c o rro s io n  r a t e .  Furtherm ore, i t  was n o t p o s s ib le  a t  th a t  
tim e to  p rov ide an ex p lan a tio n  fo r  th e  r a te  dependence on r o ta t io n a l  
speed.
In  view o f t h i s  l im i ta t io n ,  i t  was decided to  ex tend  th is  
study in  o rd e r to  t r y  to  p ro v id e  in te r p r e ta t io n s  fo r  th ose  r e s u l t s  
which could  n o t be ex p la in ed  p re v io u s ly .
B. E xperim ental D e ta ils
1. M a te r ia ls
A nalar grade t i n  b a r  su p p lied  by the  B r i t i s h  Drug Houses L td . 
was machined in to  c y lin d e rs  o f O.36O inches in  d iam eter w ith  a  co n cen tric  
ho le  to  f i t  onto a  r o ta t in g  s h a f t .  The a n a ly s is  accord ing  to  the manu­
fa c tu re r  i s  g iven  on p . 19 .
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TABLE 1 
T in  A nalysis
Lead 0 .0 1  per c en t
Copper
Bismuth
Iro n
0.0025
0 .0 0 2
0.002
T o ta l F oreign  M ate ria l O.Oh
A rsenic
Antimony
0.0001
0.025
A ll re ag en ts  used were of a n a ly t ic a l  g rad e , and r e d i s t i l l e d  
w ater was used fo r  a l l  s o lu t io n s .
2 . Apparatus
The c y l in d r ic a l  t i n  samples were ro ta te d  on a s t a i i l e s s  s t e e l  
s h a f t .  P le x ig la s  s le e v e s  and a cap screwed t ig h t ly  a t  the  end p ro te c te d  
the ends o f th e  t i n  sample and the  s t e e l  s h a f t  from c o rro s io n . The s h a f t  
was ro ta te d  by means o f  a Type 7HM Hoover vacuum m otor a t  speeds rang ing  
from 1,000 to  15,000 rpm. F ig u re  1 i s  a schem atic r e p re s e n ta t io n  of 
the ex p erim en ta l a p p a ra tu s .
The re a c t io n  v e s s e l c o n s is te d  o f a  pyrex beaker f i t t e d  w ith  a 
p le x ig la s  cover h o ld in g  th ree  p le x ig la s  b a f f le  p la te s  mounted r a d ia l ly .
3 ,„  Procedure
A measured volume o f  h y d ro ch lo ric  a c id  s o lu t io n  in  the  re a c tio n  
v e sse l was flu sh e d  w ith  a i r  fo r  approxim ately  20 m inutes b e fo re  each 
c o rro s io n  ru n . I n i t i a l l y ,  th e  a i r  passed through a  s e r ie s  o f wash b o t t le s  
co n ta in in g  h y d ro c h lo ric  ac id  o f  the same c o n c e n tra tio n  as in  the  re a c tio n  
b eak e r.
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F resh ly  machined specimens were m anually p o lish ed  to  3 /0  
emery paper sm oothness. The p o lish e d  c y lin d e rs  were c leaned  w ith  d i s ­
t i l l e d  w ater and d r ie d  w ith  f i l t e r  p ap er. Grease s ta in s  were removed 
b efo re  each run w ith  a b so lu te  a lc o h o l . A fte r  each run , th e  m eta l samples 
were washed and d r ie d , care being  tak en  to  p rev en t any damage to  the  s u r ­
face f ilm  th a t  might p o s s ib ly  form. A check on the  m a te r ia l  ba lance  was 
m ain ta ined  by weighing the  c le a n ,d ry  specimens b e fo re  and a f t e r  each ru n .
Samples of the  co rrod ing  s o lu tio n s  were withdrawn fo r  a n a ly s is  
a t  convenien t in te r v a ls  of tim e . The c o n c e n tra tio n  of t i n  was determ ined 
by a  p o la ro g rap h ic  techn ique d e sc rib ed  in  Appendix I .  For every  sample 
of s o lu t io n  withdrawn f o r  a n a ly s is  an eq u al volume o f f r e s h  a c id  was added 
to  the  re a c t io n  v e sse l to  e lim in a te  ex cessiv e  volume change d u ring  the  
c o rro s io n  p ro c e ss .
The su rface  roughness o f the  sample was measured b efo re  and 
a f te r  each run  by means of a P ro filo m e te r su p p lied  by M icrom etrical 
M anufacturing Company o f Ann A rbor, M ichigan.
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C . D iscussion of R esu lts
1. Rate Dependence on S tann ic  Ion C oncen tra tion
The f i r s t  p o in t i s  to e s t a b l i s h  the  o rder  of the  d is so lu t io n
r e a c t io n .  As shown in  F igure  2, the d a ta  ob ta ined  in  t h i s  re sea rch  from
—1_ [
In J  vs
t im e . T h is  i s  e s s e n t i a l l y  ev id en ce  o f an a u to c a ta ly t i c  p ro c e s s .  'A p lo t  
r  +++-H1/2o f  [Sn J  vs time shows two l in e a r  s e c t io n s  according to  F igure  5* 
This i s  in d ic a t iv e  th a t  th e re  must be some h a l f - o r d e r  dependence on
L ++++"]Sn J  during th e  c o r ro s io n .  The d a ta  a re  most su cc e ss fu l ly  c o r re la te d  
by considering  th e  d i s s o lu t io n  to  occur in  two success ive  h a l f - o r d e r  
s tag es  w ith  t r a n s i t i o n  from one to  the o th e r  occurring  about ^0 minutes 
a f t e r  i n i t i a t i o n  o f  c o r ro s io n .
E s s e n t i a l ly ,  the  d i s s o lu t io n  of t i n  can be considered in  terms 
o f  two p a r a l l e l  a u to c a t a ly t i c  re a c t io n s  t h a t  may be rep resen ted  by the 
equ a tio n :
d r  ++++1 - * . * < r* ++++] t^  [Sn J « (k x + k2 ) [Sn i  
Sn J  r e p re s e n ts  th e  c o n ce n tra t io n  of the  complex s tan n ic  ion in
4k .yt
s o lu t io n  and and kg a re  v e lo c i ty  co n s tan ts  showing d i f f e r e n t  dependence 
on experim ental v a r i a b l e s .  Changes in  the  r e l a t i v e  va lues  of the  two r a t e  
c o n s ta n ts  during the  course of d i s s o lu t io n  can a l t e r  the n e t  r a t e  of 
c o r ro s io n  to  produce the observed two s ta g e s .
The s tudy  of the  d i s s o lu t io n  of t i n  i s  a de term ina tion  o f  the
‘ft ^f a c to r s  a f f e c t in g  the magnitudes o f  k^ and kg. These h a l f -o r d e r  r a t e  
c o n s ta n ts  have been ev a lu a ted  as fu nc tions  of tem pera ture , r o t a t i o n a l  speed 
a c id  c o n ce n tra t io n ,  oxygen co n ce n tra t io n ,  s o lu t io n  volume and specimen a re a
++
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2 . Rate Dependence on Tem perature and R o ta tio n a l Speed
The h a lf -o r d e r  r a te  dependence on tem perature  has been s tu d ie d  
over a  wide range o f r o ta t io n a l  speeds. The tem peratu re  c o e f f ic ie n t  
ev a lu a ted  as an A rrhenius a c t iv a t io n  energy from F ig u re  k fo r  the  second 
stage o f  re a c t io n  i s  a  l in e a r  fu n c tio n  o f r o ta t io n a l  speed up to  1 1 ,0 0 0  
rpm . F igure 5 shows th a t  above th is  speed the  apparen t a c t iv a t io n  energy 
is  e s s e n t i a l ly  c o n s ta n t a t  k .J  kcal/gm . m ol. At 11,000 rpm., th e  a c t iv a t io n  
energy fo r  the  f i r s t  s tag e  i s  only 2 .5  kcal/gm .m ol, a s  shown in  F igure  6 .
The e f f e c t  o f r o ta t io n a l  speed has been in v e s t ig a te d  over the  
range 1,000-15,000 rpm. F igu re  7 i l l u s t r a t i n g  the v a r ia t io n  o f , th e  
s tag e  I I  r a te  w ith  r o ta t io n a l  speed,shows th re e  d i s t i n c t  re g io n s .
■ I t  i s  not r e a d i ly  apparen t why th i s  behaviour o ccu rs . An 
a ttem pt has been made to  e x p la in  th is  complex dependence of d is s o lu t io n  
ra te  on r o ta t io n a l  speed in  term s of o p t ic a l  o b se rv a tio n s  made on co rrod ing  
t in  s u r fa c e s .
I t  has been shown by v a rio u s  in v e s t ig a to r s  th a t  t i n  evolves 
hydrogen gas from a c id s  bu t i t  was im possib le  to  d e te c t  any gas bubbles 
on th e  m etal su rface  in  1 M HCl. By co rro d in g  specimens in  6  M HC1 i t  
was easy  to  observe gas bubble fo rm ation .
S ta tio n a ry  samples were covered w ith  la rg e  gas bubbles r e a d i ly  
seen w ith  the  naked e y e .
R o ta tio n  of the sample a t  speeds up to  5,000 rpm .did  no t remove 
a i l  o f  the la rg e  v i s ib l e  b u b b les .
Over the range 5 ,000-11,000 rpm. th e  la rg e  bubbles were removed
«
from the su rface  q u ite  r e a d i ly  b u t v e ry  sm all ones were s t i l l  a tta ch e d  to  
the sample su rfa c e .
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TABLE 2
D isso lu tio n  Rate as a F unction  of R o ta tio n a l Speed
(Stage 2)
1 , 000 - 3 ,0 0 0  rpm.
25-30°C. k <*- (rpm .)0 ,1 2
I^ 0 -k 5°C. k eL (rpm )°
3 , 0 00 - 1 1 ,0 0 0 rpm.
20 °C. k (rpm.)0 ' 5*1
25°C. k oL (rp*.)0 ' 56
3 0 °c . k oC , x0 . 6 l (rpm)
0 .7 1
35 c . k ct- (rpm)
k0°C. k oL <«P- ) 0 - *
1 1 , 000 - 15 ,000 rpm.
25-^5°C- k oC (rpm ) 0 ,9 2
Above 11,000 rpm *it was n o t p o ss ib le  to  d e te c t  any bubbles on 
the m e ta l . .
Although such behav iour cannot be observed in  1 M HC1 so lu tio n s  
i t  i s  no t unreasonable to  ex p ec t some comparable e lim in a tio n  o£ hydrogen 
gas from co rro d in g  specim ens.
The r e la t iv e  independence o f r a te  on r o ta t io n a l  speed and the  
low A rrhen ius a c t iv a t io n  energy  below 3,000 rpm vsuggest d if f u s io n a l  c o n tro l , 
by a  r e l a t i v e ly  s ta b le  f a r r i e r .  At th e  low speeds, th e  co rrod ing  m etal 
su rface  i s  p ro te c te d  predom inantly  by th e  m olecu lar hydrogen gas bu b b les.
30
Over the  ran g e , 3 ,000-11 ,000  rpm. th e  in flu en ce  o f r o ta t io n a l  
speed i s  q u ite  m arkedly dependent on tem p era tu re . This dependence may be 
a measure of th e  tendency o f gas bubbles to  leav e  the  co rrod ing  su rface  
a t  d i f f e r e n t  te m p e ra tu res . In  th i s  re g io n , c o rro s io n  r a t e s  are s t i l l  
determ ined by d if fu s io n  through a p ro te c t iv e  gas f i lm .
Above 11,000 rpm.when th e  su rfa ce s  a re  e s s e n t ia l ly  c lean  of 
gas b u b b les , th e  a c t iv a t io n  energy approaches a c o n stan t value o f k .7  
kcal/gm  m ole. The low value  o f a c t iv a t io n  energy  and r e la t iv e ly  co n stan t 
e f f e c t  o f  rpm a re  in d ic a t iv e  o f  d if fu s io n a l  c o n tro l  b u t now a t  a  l iq u id -  
met a l  in te r f a c e .
Table 2 p ro v id es  a convenien t summary of the  experim en tal d a ta .
Because the  A rrhen ius a c t iv a t io n  energy  and e f f e c t  o f r o ta t io n a l  
speed on co rro s io n  r a te  were e s s e n t ia l ly  c o n s ta n t above 11 ,0 0 0  rpm«,all 
subsequent s tu d ie s  were c a r r ie d  out a t  1 1 ,0 0 0  rpm.
3. E f fe c t  o f  S urface Roughness and Film  Form ation
In  o rd er to  e lim in a te  the  p o s s ib il ity  th a t  f ilm  form ation  or 
changes in  su rfa ce  p ro p e r t ie s  may be re sp o n s ib le  fo r  th e  t r a n s i t io n  from 
one s ta g e  to  th e  o th e r , th re e  d i f f e r e n t  s e ts  o f  experim ents were c a r r ie d  
o u t.
(1) M anually p o lish ed  samples having an a r i th m e tic  average su rface  rough­
ness o f  20  m icro inches were corroded fo r two hours u n t i l  the c r y s ta l l in e  
s t r u c tu r e ,  beneath  the b la ck  su rfa ce  film , was w ell developed w ith  an 
a r i th m e tic  average roughness o f the order o f  55-65 m icro inches. The 
samples were r e - ru n  in  a  fre sh  s o lu t io n  fo r two h o u rs . At the end of th i s  
tim e, th e  average roughness would be in  the range of 5 0 -1 0 0  m icro inches.
11 ,000  R .P.M . 
500 m l. 1 M HCl
3 0 ° c
AIR
7 .3 2  s q . cm
o
aw
O 20 MICROINCH A. A. 
O 55-65  MICROINCH A
1 2 0 14010020
TIME -  m in u te s
FIGURE 8  EFFECT OF SURFACE ROUGHNESS
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Figure  8 shows th a t  th e  e f f e c t  of su rface  roughness on the two 
h a lf -o rd e r  a u to c a ta ly t ic  p ro cesses  i s  in s ig n i f ic a n t .
(2) C orroding specim ens were removed from the  so lu tio n  and the  su rface s  
were c leaned  f r e e  of any d ep o sit s e v e ra l tim es during  a two hour run . 
A ccording to  F ig u re  9; c lea n in g  the  samples a t  d i f f e r e n t  in te r v a ls  had no 
e f f e c t  on the two hallf- order r a t e s .
(5 )  S u b s t i tu t io n  of f r e s h ly  p o lish e d  specimens in to  the o r ig in a l  co rrod ing  
s o lu t io n  every 50  m inutes showed e s s e n t ia l ly  the same two s ta g e s  as in  
F igure 10.
R esu lts  of th e se  experim ents suggest th a t  the t r a n s i t io n  from 
Stage 1 to  S tage 2 i s  n o t dependent on su rfa ce  roughness or su rfa ce  f ilm  
fo rm atio n .
it. Rate Dependence on Sample Area and C orroding S o lu tio n  Volume
Although th e re  is  no h a lf -o r d e r  dependence on a c tu a l  su rface  
a re a , F igu re  8 su g gests  th a t  th e re  m ust be some re la t io n s h ip  between the 
ra te  o f  d is s o lu t io n  o f t i n  and the ap p aren t su rface  a rea  o f the  specimen.
F igure  11 shows th a t  both  a u to c a ta ly t ic  r a te s  a re  d i r e c t ly
p ro p o rtio n a l to  the square  ro o t  of th e  sample a re a .
Over th e  range of volume s tu d ie d  th e  a u to c a ta ly t ic  r a t e s  are 
in v e rs e ly  p ro p o rtio n a l to  the solution.'volum ei; ^ F ig u re  :12 i l l u s t r a t e s  the  
l in e a r  dependence of r a t e  on th e  A ^ ^ /v  r a t i o .
A c r i t i c a l  exam ination  of th e  a u to c a ta ly t ic  r a te s  ob ta ined  by
co rro d in g  sam ples of d i f f e r e n t  a re a s , (F igu re  8), re v e a le d  th a t  the  t r a n ­
s i t io n  from S tage  1 to  Stage 2 occurring , when the r a t i o  o f c o n c e n tra tio n  of
iji 1 ^ 1 >|«
Sn in  the  s o lu t io n  to  the a re a  o f  th e  m eta l was o f the  o rd e r 0 .4 -0 .8  
- 1+.
X 10 mole p e r  l i t . p e r  sq.cm .
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FIGURE 11A DISSOLUTION AS FUNCTION OF AREA
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Because the b reak  in  the  h a lf -o rd e r  p lo t  was not a s so c ia te d  
w ith  th e  su rface  co n d itio n  of th e  sample b u t seemed to  depend on th e  c o r­
roding  s o lu tio n  co n ce n tra tio n  and apparen t su rface  a re a , i t  was f e l t  th a t  
some mechanism dependent on s o lu tio n  com position must be re sp o n s ib le  fo r  
th is  b eh av io u r.
The p resence  of r e a c t io n  in te rm e d ia te s  could p lay  a m ajor ro le  
in  determ in ing  the  r a t e  o f d is s o lu t io n .
5 . I d e n t i f i c a t io n  o f R eaction  In te rm e d ia te s
A p re lim in a ry  t e s t  w ith  Schales re a g en t ( d e ta i l s  d esc rib ed  in  
Appendix I I )  re v e a le d  th e  p resence of hydrogen peroxide in  the  s o lu tio n  
during  the  f i r s t  s tag e  o f c o rro s io n . I t  was im possib le  to  d e te c t  any a f t e r  
t r a n s i t io n  to  th e  second s ta g e . The h ig h  a c id i ty  used in  th i s  study  p re ­
vented q u a n t i ta t iv e  e s tim a tio n  o f peroxide c o n cen tra tio n s  by th i s  a n a ly t i ­
c a l  p rocedu re .
R e liab le  q u a n t i ta t iv e  m easures of hydrogen peroxide co n ce n tra tio n s  
in  co rrod ing  s o lu tio n s  could  be ob ta ined  p o la ro g ra p h ic a lly  only in  0 .1  M 
HC1 u s in g  1 M sodium a c e ta te  as su p p o rtin g  e le c t r o ly te  ( d e ta i l s  d iscu ssed  
in  Appendix I I I ) . At h ig h  a c id  c o n ce n tra tio n s  even s tan d a rd  peroxide 
s o lu t io n s  f a i le d  to  g ive m eaningful r e s u l t s .
The d a ta  in  Table 3 show th a t  hydrogen peroxide was produced 
during  th e  c o rro s io n  p ro c e ss . The c o n c e n tra tio n  in c reased  during  the  
f i r s t  30  to  60  m in u tes , b u t decreased  v e ry  ra p id ly  a f t e r  a maximum concen­
t r a t io n  o f about k.O X 10”^ m o l / l i t .
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TABLE 3
Form ation o f Hydrogen Peroxide During D isso lu tio n  o f Tin 
in  0 .1  M HC1 S o lu tio n  a t  25°C.
r* ++++ "IRun 1 Run 2 Lsn J
in
Time
(m in .) ( m o l . / l . )  X 10 ( m o l . / l . )  X 10
0.15 M HCl 
( m o l . / l . )  X 1 0 ^
0 0 0 0
10 0 2 .0 0 .6
20 2 .0 2 .0 1 .0
30 4 .0 4 .0 2 .2
4o 4 .o 4 .0 5*2
5° 4 .0 k.O 4.0
60 4 .0 2 .0 4.9
70 2 .0 0 6 .0
80 2 .0 0 7.1
90 0 0 8 .3
The c o n c e n tra tio n  o f Sn could n o t be o b ta in ed  in  0 .1  M HCl 
because below 0 .15  M HCl, h y d ro ly s is  occurs cau sin g  a n a ly t ic a l  e r ro r s  as
high as 2 %  (based  on m a te r ia l  ba lan ce  between w eight of m eta l l o s t  and 
s ta n n ic  ions found in  th e  s o lu t io n ) .E s tim a tio n  o f j]sn++++J  i s  p o s s ib le  
from d is s o lu t io n  d a ta  in  0 .13  M HC1.
6 . E f fe c t  o f Hydrogen Peroxide and S tan n ic  Ions A ddition
To s tudy  th e  r o le  o f the  in te rm e d ia te  hydrogen perox ide  and 
p roduct Sn du rin g  the  c o rro s io n  p ro c e ss , two s e r ie s  o f  in v e s t ig a t io n s  
were u n d ertak en .
S ince th e  t r a n s i t io n  from nne s tag e  to  the  o th e r occurred  when the
-4s ta n n ic  ion  c o n c e n tra tio n  in  the s o lu t io n  was of th e  o rd e r 1 . 5 - 3 *° x  1°
_ k .
(g e n e ra lly  2 .0  X 10 ) m o l . / l .  when a  h a lf - in c h  sample was used , i t  was
iji "j**^
f e l t  th a t  a  d e te rm in a tio n  o f the  e f f e c t  o f adding Sn would be in  o rd e r . 
A dd ition  o f s ta n n ic  ion  co rrespond ing  to  an i n i t i a l  c o n ce n tra tio n  h ig h e r
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than 2 .25  X 10 ^ m o l/l . e lim in a te d  th e  f i r s t  s tag e  as shown in  F igure  1 3 .
However, w ith  the  .in itia l•■ a d d itio ttio f  s ta n n ic  ion  a s l ig h t  decrease  in
-4  1 /<Stage 2 r a te  was always observed . (A r a te  c o n s ta n t o f 3 .0  X 10 (m o l / l .)  
min*" -^ w ith  i n i t i a l  c o n c e n tra tio n  o f 4 .3  X 10 ^ m o l/li compared w ith  3 .3  X 
10”^ (m o l/l.)  min"* fo r  an o rd in a ry  ru n .)
The e f f e c t  o f ‘perox ide was s tu d ie d  by adding hydrogen peroxide 
so lu tio n  p e r io d ic a l ly  to  a 1 M HC1 co rro d in g  medium. I t  was p o ss ib le  to  
e lim in a te  the second s ta g e  of co rro s io n  by making a d d itio n s  th a t  would
-4  ,r a is e  th e  perox ide to  a t  le a s t  2 .5  X 10 m o l/ l .  every  10 m in u tes . 
R esu ltin g  co n ce n tra tio n s  below th i s  le v e l  had no e f f e c t  on the  t r a n s i t i o n .  
Higher c o n ce n tra tio n s  in c re a se d  both h a lf -o r d e r  r a t e s .  F igure  14 i l l u s t r a ­
te s  th e  r e s u l t s  o f th i s  in v e s t ig a t io n .
I t  would appear th a t  th e  f i r s t  s tag e  i s  the  r e s u l t  of a c c e le ra te d  
c o rro s io n  due to  the presence o f  hydrogen peroxide produced as an i n t e r ­
m ediate p ro d u c t. In c re a s in g  s ta n n ic  ion  c o n ce n tra tio n s  ten d  to  promote th e  
decom position o f  perox ide and lower th e  r a te  of d is s o lu t io n .
7 . E f fe c t o f H ydrochloric  Acid C o n cen tra tio n
Because perox ide  form ation  during  co rro s io n  could  be s tu d ie d  
su c c e ss fu lly  on ly  in  0 .1  M HC1 s o lu t io n s ,  i t  was im portan t to  see whether 
changes in  a c id  co n ce n tra tio n  could  a l t e r  th e  i n i t i a l  c o rro s io n  r a te  by 
a f fe c t in g  the  form ation  and decom position of p e ro x id e .
Table 4 shows th a t  over the  range 0 .1 5 -4 .0  M HC1 the  S tage 1 
and S tage 2 d is s o lu t io n  r a te s  a re  e s s e n t i a l ly  independent o f a c id  concen­
t r a t io n .
1+2
TABLE 1+
E ffe c t  o f H ydrochloric  Acid 
(D is so lu tio n  under a i r )
[ s c i ] k ( l / 2 - o r d e r ) , ( m o l . / l . )  m in ." 1  k  ( l / 2 -o rd e r)  ( 1s t  s ta g e )  ( 2n a .s ta g e )  ,
25°C - 1 1 , 1+00 rpm ( m o l . / I . ) min.
0.H+6M 6 .1+ X 10"lf 3.6  X 10“U
0.250 6 .2
0.1+99 6.1+
0.998 6.3  3.35
2 .0 0 0  - 3 . ^
2.030 6.5
2.875 6 .3  3.30
1+.030 6 .2  3.1+0
30°c - 11,000 rpm
0.325 6 .6  x  io “1*' 3.1+x . 10"^
o.i+oi 6 .5  3-5
0.51+6 6 .7  i+.ii+
0.802 6 .3  3.70
1.011+ 6 .3  3.60
According to  F igure  15 and Table 5 co rro s io n  in  n itro g e n  -  
s a tu ra te d  ac id  s o lu tio n s  i s  a  zero o rd e r p ro cess  a lso  independent of 
ac id  c o n c e n tra tio n .
TABLE 5
E f fe c t  o f H ydrochloric  Acid 
(D is so lu tio n  Under .N itrogen)
[  HCl] k (z e ro -o rd e r)  ,.(.ma?/)l' .  )luin.
0 . 1+95 m 0 .75  X 10”6
1.001+ 0.80
2.120 0.80
2 .8 0 0  O.79
&-----«
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D isso lu tio n  r a t e s  independent o f  a c id  c o n c e n tra tio n  a re  not
49 11uncommon. Lu working on th e  d is s o lu t io n  o f  copper and Bumbulis on
th e  d is s o lu t io n  o f  t r a s s ,  found th a t  above 0 .1  M HgSO^ th e  d is s o lu t io n
r a te s  were independent of. a c id  c o n c e n tra tio n . T h e ir f in d in g s  conform to
78Thomas’ assum ption ' t h a t  ad so rp tio n  o f hydrogen atoms on m eta l su rface s  
fo llo w s  a  Langmuir type a d so rp tio n  iso th erm .
This behav iour su g g es ts  th a t  a d so rp tio n  o f  hydrogen io n s  o r 
atoms on th e  m eta l su rfa ce  cou ld  p la y  a  prom inent r o le  in  th e  c o rro s io n  
p ro c e ss .
8 . E f fe c t o f C hloride Ions
The e f f e c t  o f .c h lo r id e  ion was s tu d ie d  by  adding ammonium 
c h lo r id e  to  a  1 .0  M HC1 s o lu t io n .  Table 6  shows th a t  th e  r a te s  a re  
s l i g h t l y  in h ib i te d  by th e  a d d itio n  o f ammonium c h lo r id e .
TABLE 6
E f fe c t  o f UH^Cl 
in  1 M HC1
[HH^Gl]
0 .1  M 
0 .4  
0.8  
1.0
1 s t  s tag e  
k , (m o l . / l .  )^ ^ m in .
6 .2  X 10“^
6 .0
5.6  
5.5
2nd s tag e
k , (m o l/l . V ^ m in . ”‘L 
-4
3 .5  XLO 
3-3
3 .2  
3 .1 5
k 
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FIGURE 16 EFVECT OP OXYGEN CONCENTRATION
h6
The decrease  in  r a te  a s so c ia te d  w ith  in c re a se  in  ammonium 
c h lo rid e  c o n c e n tra tio n  may be p a r t ly  due to  th e  in c re a se  in  v is c o s i ty  of 
the co rro d in g  s o lu t io n  a n d .p a r t ly  due to  b lock ing  by ad so rp tio n  o f  the 
a c tiv a te d  s i t e s  on the  m eta l su rfa ce  by  ammonium io n s .
9 . Rate Dependence on Oxygen C o n cen tra tio n
The e f f e c t  o f oxygen on the two h a l f -o r d e r  r a te s  was determ ined 
by p a ss in g  d i f f e r e n t  m ix tu res  o f  oxygen-n itrogen  gas through the  co rrod ing  
s o lu t io n . F igu re  16  in d ic a te s  th a t  th e  r a te s  o f d is s o lu t io n  a re  most 
e f f e c t iv e ly  c o r re la te d  in  term s of th e  square ro o t o f  the oxygen p a r t i a l  
p re ssu re  in  th e  gas phase w ith  which th e  s o lu t io n  i s  e q u i l ib r a te d .
I I .  Homogeneous O xidation
A. In tro d u c tio n
Because homogeneous o x id a tio n  of stannous c h lo rid e  could  be a
s ig n i f ic a n t  s te p  in  the  d is s o lu t io n  p ro c e ss , i t  was decided to  examine
th is  o x id a tio n  re a c t io n  under c o n d itio n s  comparable to  those in  the  m etal
d is s o lu t io n  s tu d ie s .  The c o n tro v e rs ia l  conclusions reco rded  by p rev io u s  
21 28 52 87in v e s t ig a to r s  * * fo llow ing  th e  course of re a c t io n  in  term s of
volume changes in  a  gas b u r e t te  suggested  an e n t i r e ly  d i f f e r e n t  approach 
to  t h i s  s tu d y .
B. E xperim ental D e ta ils
1 . A pparatus
Because th e  gas-volume-measurement method o f  fo llow ing  the  course 
o f the  r e a c t io n  i s  n o t s e n s i t iv e  enough fo r th e  low c o n ce n tra tio n  range o f 
stannous io n  used in  th i s  in v e s t ig a t io n ,  i t  was decided  to  adopt a  c o lo -
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r im e tr ie ' method u t i l i z i n g  a  Bausch and Lomb S p ec tro n ic  20 c o lo rim e te r . 
The r e a c t io n  c e l l s  c o n s is te d  e s s e n t ia l ly  o f the g lassw are shown in  F igure
17.
2 . Procedure
F la sk  A, co n ta in in g  a 500-ml»volume o f h y d ro c h lo ric  a c id  s o lu t io n , 
was flu sh ed  w ith  n itro g e n  fo r  a p e rio d  o f  4-5  hours u n t i l  com plete de­
a e ra tio n  (as  measured w ith  a  model 777 Oxygen A nalyzer su p p lied  by the
J.
Beckman In strum en ts  I n c . ,  F u l le r to n ,  C a l ifo rn ia )  was ach ieved . Stannous 
c h lo rid e  (SnClg’SHgO) su p p lied  by the  B r i t i s h  Drug Houses L im ited  was 
d isso lv ed  in  the d eae ra ted  a c id  s o lu t io n , u  volume o f 200  ml* o f the  homo­
geneous s o lu t io n  was tr a n s fe r r e d  under n itro g e n  p re ssu re  from c e l l  A to  
the r e a c t io n  f la s k .
To s t a r t  th e  stannous o x id a tio n , a stream  o f compressed a i r  
or n itrogen -oxygen  m ixture was in tro d u ced  in to  the s o lu t io n .  At the  same 
tim e, a c a lc u la te d  volume o f  o x y g en -sa tu ra ted  h y d ro ch lo ric  a c id  s o lu t io n ,  
of th e  same c o n c e n tra tio n , was poured q u ick ly  in to  the  r e a c t ic . i  f la s k  to  
make up an i n i t i a l  c o n c e n tra tio n  o f oxygen corresponding  to  s a tu ra t io n  
by the  gas s tream  p ass in g  through the s o lu t io n .
Samples were taken  a t  f iv e -m in u te r in te rv a ls  fo r  c o lo r im e tr ic  
a n a ly s is  ( d e t a i l s  d esc rib ed  in  Appendix 4 ) .  From th e  degree of d e c o lo r i-  
z a tio n  o f a s tan d a rd ized  po tassium  permanganate s o lu t io n , i t  was p o ss ib le  
to  determ ine the  c o n ce n tra tio n  o f stannous c h lo rid e  a t  any tim e. A ll runs 
were c a r r ie d  ou t in  a  c o n s ta n t tem perature  ba th  re g u la te d  to  t  0 .1  degree 
o f th e  d e s ire d  tem p era tu re .
The gas r a t e ,  1 .5  ! •  ./min,was h ig h  enough to  e lim in a te  r a te  
dependence on gas flow  r a t e .
Iv9
C. D iscussion  o f R esu lts
1. Stannous Ion  Dependence
The r a te  dependence on stannous ion  had s t i r r e d  up some d i s ­
agreement among e a r l i e r  in v e s t ig a to r s .  Under the  co n d itio n s  o f th is  
re se a rc h , the  r e s u l t s  a re  b e s t  re p re se n te d  by a f i r s t  o rder b eh av io r. As 
shown in  F igu re  18, a p lo t  o f lo g  vs tim e produces a  l in e a r  r e l a ­
t io n s h ip . At each tem p era tu re , a  2-3 fo ld  change in  i n i t i a l  stannous 
ion c o n c e n tra tio n  has no e f f e c t  on the  s lope  as shown in  F igure  19.
A p lo t  of l /£ s n ++ J vs time a ls o  produces a l in e a r  r e la t io n s h ip ,  
but th e  s lo p es  change w ith  v a r ia t io n  o f i n i t i a l  stannous c o n c e n tra tio n . 
This behav io r -o u ld  e lim in a te  th e  p o s s ib i l i ty  th a t  the  r e a c t io n  r a te  i s  
of th e  second o rd er w ith  re s p e c t to  stannous io n  as might, be suggested  
by th e  l in e a r  r e la t io n s h ip  o f F ig u re  20.
The f i r s t - o r d e r  dependence on s tannous ion  may be summarized 
by th e  r a te  law
- l a * - ] ,  a * - ]
where k ' i s  c a lc u la te d  from the s lo p es  in  F igu re  18 and i s  independent o f 
i n i t i a l  stannous io n  c o n c e n tra tio n s , b u t depends on oxygen and hydro­
c h lo r ic  a c id  c o n c e n tra tio n s , and tem perature v a r ia t io n s .
The c o n ce n tra tio n  range in  t h i s  re se a rc h  i s  o f the  o rder
3-8 X 10-5  m o l/ l .  and i s  considered  w ith in  th e  low range when compared
21 52to  th a t  used by F ilso n  and W alton , and Lochman and Tompkins
who worked w ith  s o lu t io n  o f th e  order o f 7 X 10~* m o l/ l .  . The f i r s t -
o rd er dependence on stannous io n  found in  t h i s  re sea rc h  conforms to  th e i r
r a te  eq u a tio n  fo r  d i lu te  s o lu t io n  of s tannous io n .
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2 . Oxygen Dependence
In  the  absence o f oxygen th e re  i s  v i r t u a l ly  no o x id a tio n  of 
stannous s o lu t io n s .  The e f f e c t  of oxygen was determ ined by blowing a i r  
(P0g = 0.21  atm) and s y n th e t ic  oxygen-n itrogen  gas through the  system .
Figure 21 shows the l in e a r  r e la t io n s h ip  between k and oxygen p a r t i a l  
p re s su re .
Because i t  was im possib le  to  add la rg e  amounts o f oxygen- 
s a tu ra te d  s o lu t io n  in to  the  re a c t io n  f la s k  to  c re a te  i n i t i a l  oxygen s a tu ­
r a t io n  co rrespond ing  to ' th e  h ig h  oxygen c o n ten t in  the  gas s tream , i t  was 
im p ra c tic a l to  a ttem p t experim ents in  which the oxygen p re s s u re  were 
g re a te r  than  0 .6  atm.
For p a r t i a l  p re s su re s  o f oxygen below 0 .6  atm, th e  k in e t ic s  o f 
the r e a c t io n  can be re p re se n te d  by th e  r a t e  law:
-  h  & ■ " ]  ■  “ " K j N
where k“ i s  a  fu n c tio n  of tem peratu re  and h y d ro c h lo ric  a c id  c o n c e n tra tio n .
3 . Tem perature Dependence
The f i r s t - o r d e r  r a t e  dependence on tem perature has been s tu d ie d  
in  1 M HCl s o lu tio n s  over th e  range 0°-40°C . F igure  18 shows th e  l in e a r  
r e la t io n s h ip  between log  jj>n++] vs tim e a t  v a rio u s  tem pera tu res w ith  no 
c o rre c t io n  made fo r  the  changing s o lu b i l i ty  o f oxygen. F igure  22 shows 
the  v a r ia t io n  o f s o lu b i l i ty  o f  oxygen in  d i f f e r e n t  ac id  concm t r a t io n s  a t  
d i f f e r e n t  tem peratu res.T he k v a lu es  c a lc u la te d  from the s lo p ?s  o f  cu rves in  
F igure  18 were c o rre c te d  f o r  th e  same, oxygen c o n ce n tra tio n  in  s o lu tio n  
on th e  b a s is  o f  the p re v io u s ly  determ ined f i r s t - o r d e r  dependence on oxygen 
w ith  d a ta  from Figure 22 . The c o rre c te d  v a lu es  a re  l i s t e d  in  Table J .
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The l in e a r  dependence o f  log k on l /T  is  shown in  F igure  2 3 . 
The apparen t a c t iv a t io n  energy c a lc u la te d  from the s lo p e  i s  o f the o rder 
of 1 0 .5  kcal/gm .m ol.
TABLE 7
C orrec ted  fo r S o lu b i l i ty  o f  Oxygen a t  D iffe re n t Temperature
Temperatures
t
k X 0g C oncen tra tion
0°C. U.8 6 X 10"5 X 5 .2 5 /9 .5 = 2 .68  X 10~51
15°C. 1.08 x  10"2 x 5 . 25/ 6.20 ss 9 .15  x 10"5
20°C. 1 .63  x io “2 x 5 . 25/ 5.70 - 1 .5  x 10"2
25°C. 1.98 x 10“2 x 5 . 25/ 5.25 = 1.98 X 10“2
27°C. 2.55 X 10"2 X 5 .2 5 A .9 5 = 2 .71  x 10"2
35°C- 3.73 X 10"2 x 5 . 25A .5 s iv.35 x 10' 2
1jo°c* 5.38  x 10"2 x 5 . 25A .25 = 6.65  x 10"2
H ydrochloric  Acid Dependence
The o x id a tio n  r a te  of stannous c h lo rid e  in c reased  w ith  in c re a s in g  
c o n cen tra tio n s  of h y d ro ch lo ric  a c id . From F igu re  2k th e  r a t e  may be shown 
to  depend on the f i r s t  power of ac id  c o n cen tra tio n  over the co n cen tra tio n  
range 0 .2 5 -0 .7 5 M HC1.
The above behav io r may be d iscu ssed  in  term s of the fo llow ing
87e q u i l ib r ia  suggested  by Young:
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HCl + SnCl0 HSnCl
2 5
HCl + HSnCl^ ;  > HgSnClj^
Assuming th a t  only  complex sp ec ie s  a re  o x id ized , i t  i s  p o s s ib le  to  w rite  
the fo llow ing  s e r ie s  of elem entary  re a c tio n s  based on P o sn e r 's  p re ­
v io u s ly  suggested  tre a tm e n t.
k lHSnCl + 0 " — ■' ■ ^ H0o + SnCl
5 2 2 5
k2HgSnCl^ + 0£ ------------> 20H + SnCl^
HOg" + H+ H ^
K
HSnCl + Ho0 -------2— » SnCl  + OH + Ho0J  d 2 5 d
k4HgSnCl^ + H20 2  > SnCl^ + 2H20
k
SnCl^ + OH ------ 2— > SnCl^+ + OH-
where (OH) and (SnC l,) a re  in te rm e d ia te  free  r a d ic a l s .  From the  above
5
s e r ie s  o f  r e a c t io n s ,  the  fo llow ing  r a te  equations may be^-w ritten:
d_ |- 
d t
SnCl3+j  = [HSr,Cl_][o£l  + ^ [ s n d j j o a j
[ s n C l j  .  k ^ S n C l ^ o J  + [h^ I ^ O  J
The n e t r a te  o f form ation  of q u a d riv a le n t t i n  i s  then
[s»++++]  = k j  j7'SnCl]j [o 2]  + k5 jsn C l,]  [oh] + k2 [s^SnC l] [ o j
+ k ^ g S n C l ]  [ l y j
d_
d t
60
By apply ing  s teady  s t a t e  approxim ations fo r  [oh] , i t  i s  p o s s ib le  to  w rite
a =2 [ H ^ n C l ^ o J  + k 3 [ H s n c x j ^ o j  -  k$ [ s n c x j f o i l ]
By ap p ro p ria te  s u b s t i tu t io n  the r a te  eq u a tio n  becomes:
I t  &n+++3  -  \  p « C l 3]  [02]  + k3 jH S tC lJ  [h20£]  + 3k£ [H2SnCluj  [ o j
By means of tita n iu m  s u l f a t e ,  i t  was p o ss ib le  to  show the  presence o f p e r­
oxide du ring  th e  course of oxidation,w hen the co n ce n tra tio n  of stannous
-2c h lo rid e  was of the o rd e r 7 - 10 X 10 M. However, in  the  co n ce n tra tio n  
range o f  stannous c h lo rid e  ( 3 . -  8 X 10 used , the c o n c e n tra tio n  of per<- 
codde was in s ig n i f ic a n t .  By n e g le c tin g  the  terms in v o lv in g  M ' the 
above r a te  equation  becomes:
- kxiSn01i!L02] + 5k2feSnClM
I t  fo llow s th a t  the o x id a tio n  r a te  i s  p ro p o r tio n a l to  th e  f i r s t  power of
oxygen c o n c e n tra tio n . The above r a te  eq u a tio n  a lso  conforms to  Lochman 
52and Tomplcin’s suggestion  th a t  the  main sp ec ies  ox id ized  in  th e  stannous 
s o lu tio n  are two complex m olecules of th e  form HSnCl_ and H,.,S~C1^.
Q»"T
Young showed th a t  fo r  the c o n ce n tra tio n  range 0.25 - 1-1 M HCl, 
th e  e q u ilib riu m
SnCl0 + HCl HSnCl
2 5
61
i s  s i g n i f i c a n t  a t  low a c id  c o n c e n tr a t io n s ,  w h ile  a t  h ig h  c o n c e n tra t io n s  
the e q u i l ib r iu m
HSnCl^ + HCl <.-■ - — ■•••? HgSnCl^
becomes more im p o r ta n t .  At low a c id  c o n c e n tra t io n s  when th e  second 
e q u ilib r iu m  i s  i n s i g n i f i c a n t  and th e  c o n c e n tr a t io n  of HgSnCl^ may be con­
s id e re d  to  be n e g l ig ib le  th e  r a t e  e q u a tio n  may be reduced  to  th e  form :
= k ' | hciJ  jsnC lg ° 2_
w ith  th e  r a t e  b e in g  p r o p o r t io n a l  to  the  f i r s t  power o f  h y d ro c h lo r ic  a c id
c o n c e n tr a t io n .  At h ig h  c o n c e n tr a t io n s ,  th e  r a t e  e q u a tio n  co u ld  red u ce  to
d_ 
d t [Sn - ++]  = [os
-  k2 iHC1l 2 rSnC12 ][°2 l41 L
w ith  th e  r a t e  b e in g  p ro p o r t io n a l  to  th e  second power o f h y d ro c h lo r ic  a c id
1 »
c o n c e n tra t io n .  The c o n s ta n ts  k ^ , and k^ a r i s e  from use  o f th e  above two 
e q u i l i b r i a  in  the  a p p ro p r ia te  form  o f th e  r a t e  e q u a tio n : .
The r e s u l t s  of t h i s  r e s e a rc h  showed t h a t  betw een 0.25 M to  0.75  M, 
the o x id a tio n  r a t e  was p ro p o r t io n a l  to  th e  f i r s t  power o f  h y d ro c h lo r ic  ac id  
c o n c e n tra t io n .  Between 0.75 M to  2 ,0  M HCl, th e  r a t e  was p ro p o r t io n a l  to  
l ^ * 1 pow er. At low a c id  c o n c e n tra t io n s  (0 .25  _ 0 .75 M) th e  e q u il ib r iu m
HCl + SnCl0 .= - - ■ = =  HSnCl_
k 5
i s  s i g n i f i c a n t  in  d e te rm in in g  s o lu t io n  co m p o sitio n . At h ig h e r  c o n c e n tra t io n s  
(0 .75  H -  2 .0  M) a  t r a n s i t i o n  from one e q u i l ib r iu m  to  a n o th e r  shou ld  ta k e  
p la c e . As a  r e s u l t  th e  r a t e  o f  s tannous c h lo r id e  o x id a tio n  should
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show some dependence on HCl c o n ce n tra tio n  between one and two.
5. C h lo ride  Ion Dependence
The r a te  dependence on c h lo rid e  ion  was s tu d ie d  by adding 
ammonium c h lo r id e  o r  potassium  c h lo rid e  to  1 M HCl s o lu t io n s . In  both  
c a se s , th e  o x id a tio n  r a te  in c re ase d  > towards l im it in g  v a lu es  w ith  - in c re a s ­
ing  c o n c e n tra tio n s  o f c h lo r id e  io n . W ith ammonium c h lo r id e , th e  - 
maximum r a te  was o b ta ined  a t  c o n ce n tra tio n s  of c h lo r id e  ion  above 2 .5  
g m .io n /l .  as shown in  F igu re  2 5 . In  th e  case of potassium  c h lo r id e , a  
lower maximum r a t e  was o b ta ined  when the c h lo r id e  io n  co n ce n tra tio n  
exceed 2 .0  gra.ion/l-. as shown in  F igure  26.
This behav io r can be ex p la in ed  by the f a c t  th a t  the main sp ec ie s
70undergoing o x ia a tio n  in  s o lu tio n  a re  complex m o le c u le s '. ,  o f th e  type 
NH^SnCl^ or K^SnCl^. The added s a l t s  sim ply t i e  up the stannous ions 
in  th e  s o lu t io n  to  form the  above complex sp e c ie s . As a  r e s u l t  the  
o x id a tio n  r a te  in c reased  as the c o n ce n tra tio n  o f th e  complex in c re a se d . 
With s u f f i c i e n t ly  h igh  a d d itio n s  o f  KC1 o r NH^Cl when a l l  the stannous 
c h lo rid e  has been complexed, fu r th e r  a d d itio n  w i l l  have no e f f e c t  and
the  s o lu tio n  should  o x id ize  a t  a  c o n sta n t r a t e .
70Because i t  i s  w e ll known1 th a t  th e  s t a b i l i t i e s  o f the  two 
complexes a re  q u ite  d i f f e r e n t ,  th e  o x id a tio n  r a te s  need n o t be th e  same.
6 . Hydrogen-Ion Dependence
The e f f e c t  of.hydrogen ion  was s tu d ie d  by v ary in g  the concen­
t r a t io n  o f s u l f u r ic  a c id  a t  a c o n sta n t ammonium c h lo r id e  c o n c e n tra tio n .
The r e s u l t s  a re  shown in  F igure  2 7 . Below 1 M HgSO^ th e re  i s  a l in e a r  
dependence on hydrogen ion  (no c o rre c t io n  ap p lie d  f o r  v a r ia b le  oxygen
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s o lu b i l i t y ) .  Above 1 M HgSO^ th e  r a t e s  are e s s e n t ia l ly  c o n s ta n t. A 
p o ss ib le  ex p lan a tio n  fo r  th is  b ehav io r i s  th a t  the  s u l f u r ic  ac id  
p rov ides hydrogen io n s , and th e  ammonium c h lo rid e  p ro v id es  c h lo r id e  
ions fo r  SnClg to  form the’ complexes HSnCl^ and HgSnCl^, in  a d d itio n  to  
NH^SnCly I n i t i a l l y ,  vhen the  p ro p o rtio n  o f the HSnCl^, HgSnCl^ com­
p lexes can in c re a se  w ith  r e s p e c t  to  th e  NH^SnCl^ w ith  in c re a s in g  hydro­
gen io n  c o n c e n tra tio n , th e re  should be a co rrespond ing  in c re a se  in  
o x id a tio n  r a t e .  Since c h lo rid e  ion c o n ce n tra tio n  i s  c o n s ta n t, th e re  
must be a l im i t  to  th e  amount of the more r e a c t iv e  complex sp ec ie s  th a t  
can form.As a r e s u l t  th e  r a te  should be e s s e n t ia l ly  c o n s ta n t.
7 . Surface Area E ffe c t
The su rfa ce  a re a  in s id e  the re a c t io n  f la s k  was in c re ase d  by 
the a d d itio n  o f in e r t  te f lo n  s t r i p s .  There was no change in  o x id a tio n  
r a te  when the  su rface  a re a  was in c reased  by a  fa c to r  o f  th re e .  . This 
su ggests  th a t  the  d a ta  o b ta ined  in  t h i s  re sea rc h  a re  a p p lic a b le  to  the 
homogeneous o x id a tio n  of stannous c h lo rid e  s o lu t io n .
D. O xidation  Summary
O xidation  may be summarized by the  r e la t io n s h ip :
-  101*50 
^
where n e 1 .0  fo r a c id  co n ce n tra tio n s  between 0 .2 5 - 0 .7 5  M 
11 = 1 .5  fo r  a c id  c o n cen tra tio n s  between 0 . 75 - 2 .0  M.
The magnitude o f k has been ev a lu a te d  from the in te g ra te d  form o f the 
r a te  equation
&J
r  ++1 12^5°
. .  . LSn J t x e RT
6 n " +J  t 2  [?°2 ][h C i]°
Tables 8A and 8B show th a t  th e  v a lu e  o f k i s  e s s e n t ia l ly  independent
g
of a l l  v a r ia b le s  g iv in g  a mean v a lue  o f 3 .0 3  X 10 fo r  th e  low ac id  
range (0 .2 5 -0 .75  M) and k .2 7  X 10^ fo r  h ig h e r a c id  c o n c e n tra tio n  range 
(0 . 7 5 - 2 .0  M) w ith  an average d e v ia tio n  o f  t  7$ .
TABLE 8A
E v a lu a tio n  o f r a te  C onstan t 
(homogeneous o x id a tio n )
- ~  In  [sn++] T
P° 2
£ h c i ] k
3 A 5  x  10"5 25°C 0 .2 1 0 .2 5 2 .9  X 10^
6.90 0 .5 0 2 .8 9
1 1 .8 0
i
mean v a lue 110
0.714- 
3 .0 3  X 106
3.3
68
TABLE 8B
E v a lu a tio n  of irate - C onstant 
(homogeneous o x id a tio n )
-  i t l n  t Sn’H’3 T \  [ HC1]  k
1.18 X 10"^ 25 °c 0 .2 1 0 .74 3 .3 0  X 10'
1.98 1.00 4 .1 5
3-59 1.50 4 .0 7
4 .27 1.67 4 .1 5
6 .8 0 2 .2 4 .3 5
0.486 0 0.21 1.00 4 .5 8
1.08 15 3 .9 2
1 .6 3 20 4 .3 7
1.98 25 4 .1 5
2.55 27 4 .3 8
3-73 35 4 .3 0
5.38 40 4 .5 0
3 .1 3 25 0.33 1.00 4 .1 5
5 .6 0 0.55 4.48
6.20 0 .6 0 4.55
4.10 0.40 4.50
mean v a lu e  o f k = If.27 X 10^
69
IH  Mechanism o f  T in  D is s o lu tio n
T ab le  9 p ro v id e s  a  com parison betw een th e  h e te ro g en eo u s  and 
homogeneous r e a c t i o n s .
TABLE 9
Com parison o f  H eterogeneous D is s s o lu tio n  
and
Homogeneous O x id a tio n
Heterogeneous R eaction  Homogeneous R eaction
A c tiv a tio n  Energy 2 .5  Kcal (1 s t  S tage) 
4 .7  Kcal (2nd S tage)
10.5 Kcal
HC1 Dependence Independent 1 s t power between
0 . 25-0.75M 
3 /2 th  power between
0.75-2.00M
Oxygen Dependence 1 /2  power 1 s t power
NH^Cl in h ib i t s  the r e a c t io n a c c e le ra te s  th e  re a c t io n
Under N itrogen z e ro -o rd e r r e a c t io n  w ith  
re s p e c t to  t i n  concen­
t r a t io n
no re a c tio n
On th e  b a s is  o f th e  above b e h a v io u r  i t  i s  re a so n a b le  to  con­
c lu d e  th a t  th e  homogeneous r e a c t io n  can n o t be  a  c o n t r o l l i n g  s te p  in  th e  
h e te ro g en eo u s  d is s o lu t io n  p ro c e s s .
The e s ta b l i s h e d  e x p e r im e n ta l f a c t s  may be d is c u s s e d  in  term s 
o f th e  fo llo w in g  mechanism:
TO
8 781. Hydrogen ions a re  adsorbed ’ on a c tiv e  s i t e s  on the  su rface  of 
th e  m eta l w ith  e v o lu tio n  o f hydrogen gas and form ation  o f  stannous 
ions accord ing  to  a s e r ie s  o f s te p s  s im ila r  to
Sn° + H+ SnHs+
2(SnH+ ) g ' E y  ( S„++) i  + (s„ -h 2 ) s
where SnH* re p re se n ts  a  t r a n s i to r y  su rface  s t a t e ,  and (Sn-H^)s re p re se n ts  
hydrogen gas a tta ch e d  to  the m etal s u rfa c e . The d ischarge  of hydrogen 
gas from th e  su rface  need n o t occur a t  the  p o in t of fo rm ation .
A dsorption  of hydrogen ions i s  suggested  by th e  fa c t  th a t  in  
many cases th e  dependence of d is s o lu t io n  r a t e  on hydrogen ion concen­
t r a t io n  conforms to  a Langmuir a d so rp tio n  iso th erm .
7
2 . The stannous s p e c ie s , s ta n n ic  sp ec ie s  e q u ilib r iu m 1
_ o /_ ++++\ f a s t  / ++\Sn + (Sn ) t  <?.-B 2(Sn
i s  assumed to  be e s ta b lis h e d  a t  a l l  tim es a t  the  m e ta l-so lu tio n  i n t e r ­
fa c e . As a r e s u l t
r  ++t " f ++++ <
L J i  -  h  <Sc h
B akier and B a s in sk i ' s tu d y in g  th e  e q u ilib riu m  found th a t  m e ta l l ic  t i n  
d isso lv e d  in  a s o lu tio n  o f a c id ic  s ta n n ic  c h h - r l ..... -• .a.s s ta n n ic
c h lo rid e  co n ta in in g  ammonium c h lo rid e  q u ite  r e a d i ly  in  the. absence o f 
oxygen. The above mechanism has been te s te d  in  our la b o ra to ry  by c o r­
rod ing  the  m eta l in  h y d ro c h lo ric  a c id  s o lu tio n s  under n i tro g e n . Stannous 
ions which cannot be d e te c te d  under a i r - s a tu r a t io n  a re  found in  la rg e  
amounts in  th e  a i r - f r e e  s o lu t io n s .  T his b ehav io r in d ic a te s  th a t  m e ta l-
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l i e  t i n  d is so lv e s  in  the form o f Sn io n . The Sn sp ec ie s  found in  
a i r - f r e e  s o lu t io n ,  a re  produced accord ing  to  th e  above eq u ilib riu m , 
w ith  the sim ultaneous fo rm ation  of a re d e p o s ite d  t i n  f ilm .
3 . Stannous sp ec ie s  a re  o x id ized  to  s ta n n ic  s p e c ie s 1* by d isso lv ed  oxy­
gen a t  the m e ta l-s o lu tio n  in te r f a c e  w ith  the  fo rm ation  of peroxide 
in te rm ed ia te  accord ing  to
(SnH+) g + (Sn++) i  + 0 . (SnOH~)s + (Sn++++) i
II
Sn0H' s + ° 1  - t S t *  Sn°  +
(H 0 ') i  + H+ (H202 ) i
The fo rm atio n  o f 0^ i s  accom plished through a d so rp tio n  and d is s o c ia t io n  
of oxygen m olecules a t  th e  m eta l su rface  accord ing  to
2Sn° + (02 ) i   N 2(SnO)s ?  ^ sssS i 2Sn + 20.
As a  r e s u l t
£ ° i  I  * K’ [ ° 2] i / 2
The f r a c t io n  o f the m eta l su rfa c e  in  the SnO s ta t e  must be n e g lig ib ly  
sm all because even w ith  pure  oxygen only q u es tio n ab le  tra c e s  o f any 
oxide s t ru c tu re  were d e te c te d  in  the su rface  f ilm  by X -ray d i f f r a c t io n  
a n a ly s is .
By assuming th a t  the  Sn ions d if fu s e  i n to  the  bulk o f the 
so lu tio n  from a reg io n  o f h ig h e r co n ce n tra tio n  a t  th e  m e ta l-s o lu tio n  
in te r f a c e ,  i t .  i s  p o s s ib le  to  approxim ate th e  r e la t io n s h ip  between th e
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two c o n ce n tra tio n s  by w r it in g
[’ ++++7 , i r_ ++++]Sn J .  » k |_Sn J b
where k ' could  be a complex fu n c tio n  of rp m .th a t e s s e n t ia l ly  i s  in d e­
pendent of c o n c e n tra tio n .
Sn i s  the c o n c e n tra tio n  o f s ta n n ic  sp ec ie s  in  the  m etal
i s  the  co n ce n tra tio n  in  th e  b u lk  of 
the s o lu t io n .
The form ation  o f s ta n n ic  sp ec ie s  by oxygen o x id a t io n 'i s  then
given  by
i f  th e  f r a c t io n  o f the  su rfa ce  covered w ith  adsorbed hydrogen ion  
rem ains e s s e n t ia l ly  c o n s ta n t. As a r e s u l t ,
S. c ^ b  • *o2 K *"]T  C°a] 1/2
where kQ^  re p re se n t the  r a t e  c o n stan t determ in ing  c o rro s io n  r a te  by 
oxygen.
69ij-. Stannous sp ec ie s  could a lso  be ox id ized  by the  perox ide in te rm e d ia te s ^  
accord ing  to
(SnH+ )s + (Sn++) i  + (H202 ) .  - a * ; - * *  (SnOH^ ♦ HgO
Sn J
The s te p  i s  assumed on th e  b a s is  of the e lim in a tio n  o f s tag e  2 by the  
a d d itio n  o f hydrogen p e ro x id e . The form ation  o f s ta n n ic  sp ec ie s  by
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peroxide o x id a tio n  i s  given by
_d
d t [ s . - * ] ,  -  k ’ [* » •« ], [H202 l
or
-  v , o 2 & n W + ^ 1 /2  D v j
where k^ n r e p re se n ts  the r a te  co n s ta n t determ ining  c o rro s io n  r a te  by 
2 2
hydrogen p ero x id e .
S ince the above h a lf -o r d e r  r a te s  occur s im u ltan eo u sly , i t
would appear th a t  a  simple l in e a r  r e la t io n s h ip  should be ob ta ined  from 
/ ++++a p lo t  of (Sn ) v s  tim e. However, the t r a n s i t io n  from s tag e  1 to  
s tag e  2 su g gests  sane a d d itio n a l p rocess  th a t  removes hydrogen peroxide 
from the  s o lu t io n .
5. The fo rm ation  and decom position o f a l l  in te rm e d ia te s ^ o c c u rr in g  a t  
the in te r f a c e  du ring  th e  course o f d is s o lu t io n  can be summed up by the  
fo llow ing  e q u a tio n s : ()
Sn*****SB O z - Sn^+SHOg
k«
E02 + H2°2 0H- + 0 H + 02 + H+
kfl
20H + Sn° —■£a-J-—> Sn++ + 20H~
Experim ents in  our la b o ra to ry  have show th a t  s tan n ic  ions a c c e le ra te  the 
decom position of hydrogen p ero x id e .
I t  would appear th a t  as d is s o lu t io n  p ro g resses  m e ta l l ic  t i n  
w il l  be p la te d  back and the  in te rm ed ia te  peroxide w i l l  be decomposed 
a t  h ig h e r s ta n n ic  c o n c e n tra tio n . This mechanism i s  suggested  by the  
d e te c tio n  o f hydrogen peroxide during  th e  i n i t i a l  s tag e  of c o rro s io n
FIGURE 28 X-RAY DIFFRACTION ANALYSIS OF SURFACE FILM. 
FORMATION UNDER (A) 1 N HCl, 02 » (B) 2 N HCl, AIR, (C) 4 M NH^Cl + 
1 N HCl, AIR, (D) SnCl4 + 1 N HCl, AIR.
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bu t n o t du ring  th e  second s ta g e .  An X -ray d i f f r a c t io n  a n a ly s is  o f  the
su rface  f ilm  showed re d e p o s ite d  {3-tin accord ing  to  F igure  28 . A lthough 
t ra c e s  of SnO-SnOg may be p re s e n t in  th e  su rfa ce  f i lm  when samples a re  
corroded under pure  oxygen as shown in  F ig u re  28A, th e  predom inant
the decom position of hydrogen perox ide  by m eta l io n s .
I t  seems reaso n ab le  to  conclude th a t  the hydrogen peroxide 
c o n ce n tra tio n  w i l l  in c re a se  i n i t i a l l y ,  b u t decom position w i l l  become 
more ra p id  w ith  in c re a s in g  s ta n n ic  c o n c e n tra tio n s .. E s s e n t ia l ly ,  
the d is s o lu t io n  r a t e  b e fo re  the  t r a n s i t io n  from s tag e  1. to  s tag e  2 i s  
the r e s u l ta n t  o f an oxygen e f f e c t  and a  perox ide e f f e c t .  When the 
s ta n n ic  c o n c e n tra tio n s  a re  h ig h  enough, the perox ide  e f f e c t  i s  in s ig n i ­
f ic a n t  and the  d is s o lu t io n  r a t e  i s  determ ined s o le ly  by th e  ro le  o f 
oxygen.
cannot be g iven  in  term s o f measurements o f b u lk  co rro d in g  s o lu tio n  
p ro p e r t ie s ,  however, the  same dependence on a re a  has been observed 
fo r samples co rro d in g  under n itro g e n . F ig u re  29 shows th e  ze ro -o rd e r 
d is s o lu t io n  r a te  to  be a l in e a r  fu n c tio n  o f  th e  square ro o t  o f sample 
a re a .
i| |»
m a te r ia l  however, i s  {3-tin . The e f f e c t  o f Sn 
w ith  the th eo ry  proposed by v a rio u s  in v e s t ig a to r s
An e x p lan a tio n  fo r  th e  square ro o t  dependence on sample a re a
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XV. E m p irica l Equation fo r  Tin D is so lu tio n
The d is s o lu t io n  r a te  o f  t i n  a t  high s ta n n ic  c o n c e n tra tio n , 
when th e re  i s  n e g lig ib le  e f f e c t  due to  hydrogen perox ide produced, may 
be summarized by th e  r e la t io n s h ip :
e
4700
RT
fo r th e  co n d itio n s [_Sn+++j  >  2 .0  X 10“^ m ol/1
T = 293  -  318°K
A = 0 .9 1  -  7 .3 2  sq . cm.
V » 1*00 -  500  m l.
V 0 - 1 .0  atm.
rpm. 1 1 ,0 0 0
Experim ental ev idence showed th a t  t h i s  eq u a tio n  i s  independent o f 
su rfa c e  co n d itio n  o f  the sam ple. The in te g ra te d  form o f  the  eq u a tio n
r  .H + flV a  „
2  LSn J  V 1 1 RT
\  ^  ^ 7 7 5  (tp B -)0 .9 2
2
o
has been used  fo r  th e  d e te rm in a tio n  o f to  g ive a  mean v a lu e  o f 
-29 .16  X 10 w ith  an average d e v ia tio n  o f  ± 5$ as  shown in  Table 10.
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TABLE 10
E v a lu a tio n  of V e lo c ity  C onstant 
(2nd Stage Oxygen D isso lu tio n )
feC -T T
(m o l/l. ]n?xnjLn. _1
rpm T
°C
A
sq cm
V
ml
P°2
atm
CJ
1.48 X 10 11,000 25 3 .66 500 0.21 8.85 x  10
1.85 55 8.75
2 .10 4o 8.75
2 .50 45 9.50
1.70 13,500 25 3 .66 500 0.21 8.75
1 .36 30 8.60
2 .1 6 55 8.85
2 .50 40 9.00
2 .85 ^5 9 .12
2 .06 15,500 25 3 .66 500 0.21 8.75
2 .42 50 9.50
2 .6 6 55 9.12
2 .88 40 8.60
3 .10 45 8.40
2 .50 11,000 50 3.66 500 0.50 8.75
3 .61 1.00 8.85
1.79 0.21 9.62
0 .89 11,000 30 0 .91 500 0.21 9.65
1.25 1.83 9-50
1.79 3 .86 9 .62
2 .22 5-^9 9-75
2 .50 7 .52 9-5^
0 .8 3 0.91 550 9.60
2 .0  6 5.49 9.95
1.55 • 1.83 400 • 9 A  5
2 .10 3 .66 9 .02
2 .20 7.32 600 10.00
mean value o f k = 9 . 1 6  X 10”^
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The e m p iric a l r a te  equation, fo r  the  d is s o lu t io n  o f t i n  becomes,
i / p  i / p  i / p  hjoo
[ s n — J  = 9 .1 6  X 10-2 [sn— ]  7 ± L  (V,  ) (rpn.)0 '? 2 .  ^
CHAPTER IV 
CONCLUSIONS
There seems l i t t l e  doubt th a t  no s im i la r i ty  e x is t s  between th e  
mechanism d e sc r ib in g  the  homogeneous o x id a tio n  of stannous t i n  and th a t  
d e sc rib in g  th e  heterogeneous d is s o lu t io n  of the  m e ta l.
C orrosion  r a te s  a re  independent o f  h y d ro c h lo ric  ac id  concen­
t r a t io n  w hile the  o x id a tio n  r a te s  depend on the 3/2  power o f ac id  con­
c e n tra tio n  over the  range 0 .7 5 -2 .0  M HCl. A dd itions o f ammonium c h lo rid e  
in c re a se  the  homogeneous o x id a tio n  r a te  b u t i n h ib i t  th e  d is s o lu t io n  
p rocess s l i g h t ly .  The l in e a r  dependence o f o x id a tio n  r a t e  on oxygen 
p re ssu re  su g g ests  r e a c t io n  by m olecu lar oxygen whereas dependence o f the  
co rro s io n  r a t e  on the  square ro o t o f oxygen p re ssu re  i s  in d ic a t iv e  of a 
su rface  re a c t io n  in v o lv in g  d is s o c ia t io n  o f oxygen m o lecu les . The low 
a c t iv a t io n  energy  o f 4 .7  Kcal/gm mol fo r  the heterogeneous p ro cess  in f e r s  
d if fu s io n a l  c o n tro l .  Fv’rc h e r  .x p p o rt fo r  p h y s ica l c o n tro l i s  provided by 
the dependence on r o ta t io n a l  speed.
F or d is s o lu t io n  p e rio d s  up to  4 hours and oxygenated hydro­
c h lo r ic  a c id  s o lu tio n  (0 .1 5 -4 .0  N) the d is s o lu t io n  r a t e  i s  h a lf -o rd e r  
w ith  re sp e c t to  d isso lv ed  t i n  in  s o lu t io n , z e ro -o rd e r  in  ac id  co n cen tra ­
t io n ,  h a lf -o rd e r  w ith  re s p e c t to  su rface  a re a  and p a r t i a l  p re ssu re  of 
oxygen and i s  in v e rs e ly  p ro p o r tio n a l to  the  volume o f co rrod ing  so lu ­
t io n .
The change in  r a t e  o f the  h a lf -o rd e r  r e a c tio n  i s  due to  the 
forna tio n  and decom position o f an in te rm e d ia te  p e ro x id e . For c o rro s io n  
p e rio d s  le s s  than  40 m in u tes , the  d is s o lu t io n  r a te  i s  equal to  the  sum
80
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of the  o x y g en -d isso lu tio n  and p e ro x id e -d is so lu tio n  r a t e s .
The most reaso n ab le  c o n tro l l in g  s tep  in  the  d is s o lu t io n  of 
t i n  i s  the d if fu s io n  o f  s ta n n ic  ions from th e  in te r fa c e  to  the  b u lk  o f 
the s o lu t io n .
A film  form ation  was no ted  and was shown to  be dep o sited
(3 -tin .
25 48 49 88Copper * * } t i ta n iu m  and t i n  a l l  show evidence o f  au to -
c a ta ly t i c  d is s o lu t io n  in  a e ra te d  s o lu t io n s .  On the b a s is  o f  the 
in fo rm atio n  now a v a ila b le  and i t  i s  p o s s ib le  to  g e n e ra liz e  th a t  au to - 
c a ta ly t i c  r a te s  should be expected  w ith  a l l  m eta ls  capab le  of e x is t in g  
in  two o r more o x id a tio n  s t a t e s  in  aqueous so lu tio n .b y  v i r tu e  o f an 
e q u ilib r iu m  of th e  type
M° + xMa+ ^  s y
where a ^  b , and xa = yb
e s ta b lis h e d  a t  the  m e ta l-s o lu tio n  in te r f a c e .
APPENDIX I
P o la ro g rap h ic  D eterm ination, of Tin C oncen tra tions
A Sargent model XV polarograph  was employed fo r  the  a n a ly s is  
of t i n  s o lu t io n s .  The g en era l th eo ry  and procedures have been reviewed 
by L i n g ^ . 53' 5^ 55
A nalar Grade t in  b a r  was d isso lv e d  in  1 M HCl to  make up a 
s to ck  2 X 10 ^ M s ta n n ic  c h lo r id e  s o lu t io n .  S tandard s ta n n ic  so lu tio n s  
were p repared  by d i lu t in g  a l iq u o t  samples c i  the  s to ck  s o lu tio n  w ith  1M 
HCl. The dropping mercury e le c tro d e  c a l ib r a t io n  curve (F igure  JO) was 
made fo r  a su p p orting  e le c t r o ly te  o f 1 M HCl and 4 M NH^Cl co n ta in in g  
0 . 5$  g e la t in  as  maximum su p p re sso r.
The p o la ro g rap h ic  c e l l  c o n ta in in g  th e  sample so lu tio n  and the 
re fe re n ce  Calomel c e l l  were immersed in  a c o n sta n t tem peratu re  ba th  a t
25°C. Before each p o la ro g rap h ic  read in g  the  sample s o lu tio n  was flu shed
Atw ith  n itro g e n  fo r approx im ately  10 m inutes. For h igh  t i n  c o n c e n tra tio n s , 
s o lu tio n s  were d ilu te d  and a  corresponding  amount of g e la t in  and NH^Cl 
were added.
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APPENDIX I I  
D etec tio n  o f  H^Og by Schales Reagent
9"5The S ch a les  r e a g e n t u sed  fo r  th e  d e te c t io n  o f  hydrogen
peroxide was prepared ' by b o i l in g  2 gms o f p n en o lp h th a le in , 20 gms o f
sodium hydrox ide , and 10 gms o f  z in c  d u s t in  100 m l.o f r e d i s t i l l e d
w ater fo r  2 h o u rs . The r e s u l t in g  s o lu t io n  had a c le a r  s traw  c o lo r .
A fte r  c o o lin g , i t  was f i l t e r e d  through g la s s  wool and s to re d  in  th e  dark
over z in c  g ran u les  in  a w e ll s toppered  c o n ta in e r .
The d e te c tio n  o f hydrogen peroxide was accom plished by adding
_210 drops o f the  reag en t fo llow ed by 10 drops of 10 M copper s u l f a te  
to  10 m l-o f co rro s io n  s o lu t io n .  A f a in t  p ink  t in g e  in d ic a te d  the p re ­
sence of hydrogen p e ro x id e . With th i s  re a g e n t, i t  i s  p o s s ib le  to  d e te c t
-6hydrogen perox ide a t  le v e ls  as low as 10 M.
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APPENDIX I I I  
P o la ro g rap h ic  D eterm ination  of Hydrogen Peroxide
The p o la ro g rap h ic  d e te rm in a tio n  o f hydrogen peroxide has been
22 k6  68review ed by Giguere and J a i l l e t  , K o lth o ff and M ille r  and P e lle q u e r .
The dropping mercury e le c  ode c a l ib r a t io n  curve was p repared  fo r  a
su p p orting  e le c t r o ly te  c o n s is t in g  of 0 .1  M HCl and 1 M sodium a c e ta te .
S tandard  hydrogen perox ide  s o lu tio n s  were p repared  from a s to ck  s o lu tio n
p rev io u s ly  s tan d a rd ized  w ith  potassium  perm anganate.
The ca th o d ic  r e a c t io n s  invo lve  the  re d u c tio n  of 0~ to  Ho0_, a td d d
a half-w ave p o te n t ia l  o f -0 .1  v vs S .C .E . and HgO  ^ to  HgO a t  -0 .9  v .
I t  i s  necessary  to  s u b s t r a c t  the  oxygen co n ce n tra tio n  o f hydrogen 
perox ide measured by the second wave.
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APPENDIX IV
C o lo rim e tric  D eterm ination o f Stannous C hloride C oncen tra tions
A Bausch and Lorab S p ec tro n ic  20 co lo rim ete r was used fo r  the  
d e te rm in a tio n  of stannous c h lo rid e  c o n c e n tra tio n s . The g en era l theo ry  
and procedures fo r v a rio u s  system s have been reviewed by S n e ll and S n e ll.
Stannous c h lo rid e  i s  ox id ized  by potassium  permanganate in  
a c id ic  media accord ing  to
5SnCl2 + 2 KMnO^  + 12HC1 --------->  5SnCl^ + 2Mn0 + 2KC1 + 6U£0
Changes in  permanganate c o lo r  p rov ided  an in d ic a t io n  o f  the amount of 
permanganate reduced or stannous c h lo rid e  o x id ized .
S o lu tio n s  of permanganate were s tan d a rd ized  w ith  sodium 
o x a la te  (NagCgO^). The c a l ib r a t io n  curve was made a t  a  wave len g th  
of 525 nifi w ith  a  b lank  o f  d i s t i l l e d  w a te r . Samples of the  s o lu tio n  
from the re a c tio n  v e s s e l  were mixed thoroughly  w ith  the  a p p ro p ria te  
s tan d a rd iz e d  ICMnO^  s o lu tio n  b e fo re  a c o lo r im e tr ic  re ad in g  was tak en .
APPENDIX V 
TIN DISSOLUTION
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HOMOGENEOUS OXIDATION
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